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The asymmetric localization of planar cell polarity (PCP) proteins is essential for the 

establishment of many planar polarized cellular processes, but the mechanisms that maintain 

these asymmetric distributions remain poorly understood. A body of evidence has tied oriented 

subapical microtubules (MTs) to the establishment of PCP protein polarity, yet recent studies 

have suggested that the MT cytoskeleton is later dispensable for the maintenance of this 

asymmetry. As MTs underlie the vesicular trafficking of membrane-bound proteins within cells, 

the requirement for MTs in the maintenance of PCP merited further investigation. I sought to 

investigate the complex interactions between PCP proteins and the MT cytoskeleton in the 

polarized context of the floorplate of the zebrafish neural tube. We demonstrated that the 

progressive posterior polarization of the primary cilia of floorplate cells requires not only 

Vangl2 but also Fzd3a. I determined that GFP-Vangl2 asymmetrically localizes to anterior 
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membranes whereas Fzd3a-GFP is equally distributed on anterior and posterior membranes but 

maintains a cytosolic enrichment at the base of the primary cilium. Vesicular Fzd3a-GFP is 

rapidly trafficked along MTs primarily toward the apical membrane during a period of PCP 

maintenance, whereas GFP-Vangl2 appears to be less dynamic, maintaining asymmetry at the 

membrane. Nocodazole-induced loss of MT polymerization disrupts basal body positioning as 

well as GFP-Vangl2 localization and reduces cytosolic Fzd3a-GFP movements. Removal of 

nocodazole after MT disruption restores MT polymerization but does not restore basal body 

polarity. Interestingly, GFP-Vangl2 repolarizes to anterior membranes and Fzd3a-GFP largely re-

establishes normal dynamics after multiple hours of recovery, even in the context of 

unpolarized basal bodies. Together my findings challenge previous work by revealing an 

ongoing role for MT-dependent transport of PCP proteins in maintaining both cellular and PCP 

protein asymmetry during development. 

PCP signaling has been implicated in the directional migration of single cells during 

development, especially within the developing nervous system. One such migration is the 

tangential migration of facial branchiomotor neurons (FBMNs) in the highly polarized context of 

the vertebrate hindbrain. It is well-established that many core PCP and PCP-related signaling 

components are required for FBMN migration, yet how PCP signaling is used to enable this 

migration is not well understood. By systematically disrupting PCP signaling in a rhombomere-

restricted manner we show that PCP signaling is required both within FBMNs and the hindbrain 

rhombomere 4 environment at the time when they initiate their migration. Correspondingly, 

we demonstrate planar polarized localization of PCP core components Vangl2 and Fzd3a in the 
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hindbrain neuroepithelium, and transient localization of Vangl2 at the tips of retracting FBMN 

filopodia. Using high-resolution timelapse imaging of FBMNs in genetic chimeras we uncover 

opposing cell-autonomous and non-cell-autonomous functions for Fzd3a and Vangl2 in 

regulating FBMN protrusive activity. Within FBMNs, Fzd3a is required to stabilize filopodia 

while Vangl2 has an antagonistic, destabilizing role. However, in the migratory environment 

Fzd3a acts to destabilize FBMN filopodia while Vangl2 has a stabilizing role. Together, our 

findings suggest a model in which PCP signaling between the planar polarized neuroepithelial 

environment and FBMNs directs migration by the selective stabilization of FBMN filopodia. 
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Chapter 1: Introduction 

What is PCP? 

Cellular polarization is a fundamental aspect of development that enables cells to 

organize intracellularly and perform specialized behaviors in response to their cellular context. 

Coordination of this organization across cell boundaries is essential for cohesive tissue 

generation and organogenesis. Planar cell polarity (PCP) describes one aspect of cellular 

polarization and it is best understood in tissues composed of sheets of epithelial cells. Epithelia 

exhibit two types of cellular polarity: apicobasal polarity, which defines the axis between the 

apical and basal membranes, and PCP, which is cell polarization on the plane orthogonal to the 

apicobasal axis. Coordinated planar polarization in epithelia is essential for development of a 

wide variety of animal tissues, as it allows cells to synchronize their growth and behavior to 

form functional and specialized organs. The PCP signaling pathway was originally discovered in 

Drosophila mutants that displayed misoriented and supernumerary actin-based hairs and 

bristles on the adult wing and legs (Gubb and García-Bellido, 1982). PCP is a highly conserved 

signaling pathway and has been implicated in a growing number of developmental processes 

including but not limited to the orientation and angle of mammalian skin hair follicles 

(Devenport and Fuchs, 2008), the oriented cell division in developing kidney tubules(Babayeva 

et al., 2011; Brzoska et al., 2016), inner ear sensory hair orientation(Etheridge et al., 2008; 

Montcouquiol et al., 2003), directed migration of neuronal cells (Calisto et al., 2005; Davey et 

al., 2016; Jessen et al., 2002) and collective movements of multiple cell types during 

gastrulation(Heisenberg et al., 2000; Tada and Smith, 2000; Wallingford and Harland, 2001) and 
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neural tube closure(Curtin et al., 2003; Wallingford and Harland, 2001; Wang et al., 2006), as 

well as cilia positioning and directional ciliary beating in trachea(Vladar et al., 2012), 

oviducts(Shi et al., 2014, 2016), and the central nervous system(Borovina et al., 2010; Boutin et 

al., 2014). Additionally, mutations that disrupt PCP signaling have been linked to a growing 

number of human developmental diseases(Kibar et al., 2007; Wallingford et al., 2013) and 

cancers(Anastas et al., 2012; Luga et al., 2012; MacMillan et al., 2014). The PCP pathway 

functions at the protein level to polarize subcellular information intracellularly and propagate 

this information through direct cell-cell interactions, which result in locally coordinated tissue 

polarity (Tree et al., 2002).  A “core” set of PCP proteins that maintain a basic set of molecular 

behaviors and relationships are highly conserved across multicellular life. However, the 

mechanistic details of how cells engage with this pathway vary depending on specific cellular 

context and function. Due to its simplicity and historical legacy, most PCP research has been 

conducted in the fly wing, and as such the most detailed and mechanistic studies of PCP come 

from this work. Therefore, much of my writing, unless otherwise stated, will refer to PCP 

signaling as it is understood in the Drosophila wing. 

The Core Pathway 

The classic “core” PCP pathway of the fly wing is composed of two membrane-localized 

protein complexes, the distally-localized Frizzled (Fz or Fzd in vertebrates), Dishevelled (Dsh or 

Dvl in vertebrates), Diego (Dg, or Diversin in vertebrates) complex and the proximally localized 

Van Gogh/Strabismus (Vang/Stbm, or Vangl in vertebrates), Prickle (Pk) complex (for review see 
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(Goodrich and Strutt, 2011)). Flamingo (Fmi or Celsr in vertebrates), localizes to both proximal 

and distal membranes and is essential for mediating the extracellular interactions between PCP 

signaling complexes. Importantly, PCP proteins need to be positioned along the apicobasal axis 

in order to interact with one another and this localization is accomplished through a Scribble-

(Scrib) dependent mechanism(Courbard et al., 2009; Montcouquiol et al., 2003; Murdoch et al., 

2003; Wada et al., 2005). In the fly wing, these PCP protein complexes sort into complementary 

and mutually exclusive distributions along the cell cortex, with Fmi-Fz-Dsh-Dgo localizing to 

distal membranes and Fmi-Vang-Pk on proximal membranes (Strutt and Strutt, 2007; Strutt et 

al., 2002). The asymmetry of these complexes establishes subcellular polarity information that 

acts on the cytoskeleton and cellular adhesions to generate distally-localized extracellular actin-

based hairs known as trichomes. The complex relationships between PCP proteins were largely 

worked out through experiments examining directional non-autonomy, a behavior first 

described in the fly wing where fz mutant clones disrupt polarity in WT neighbor cells (Vinson 

and Adler, 1987). Groups of cells that lack Fz induce WT neighbor cells to point hairs towards 

mutants, whereas loss of Vang/Stbm causes WT neighbor cells to point hairs away(Gubb and 

García-Bellido, 1982; Taylor et al., 1998; Vinson and Adler, 1987). These types of analyses, along 

with rapid advances in cell imaging and genetic manipulation, especially in vertebrate models, 

have revealed a complex and expanding web of protein interactions that broadly define the 

conserved PCP signaling pathway shared across multicellular life. 
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PCP Downstream Effectors 

Actin regulation is a major outcome of PCP signaling across many systems, and in the fly 

wing PCP signaling regulates actin to distally localize the generation and orientation of 

trichomes(Collier and Gubb, 1997; Collier et al., 2005; Gubb and García-Bellido, 1982; Lee and 

Adler, 2002; Park et al., 1996). Here the PCP pathway acts on a dedicated set of downstream 

signaling proteins known as PCP effectors, which include Fuzzy (Fy), Inturned (In) and Fritz 

(Frtz). These effectors colocalize with Fmi, Vang/Stbm and Pk on proximal edges along the 

apical surfaces of cells and regulate the subcellular distribution of the non-canonical formin-

family protein multiple wing hairs (Mwh) (Adler et al., 2004; Strutt and Warrington, 2008; Yan 

et al., 2008). mwh mutants display multiple trichomes across apical cell membranes as Mwh 

normally functions to fuse actin bundles while antagonizing the formation of nascent actin 

polymers (Lu et al., 2015). Meanwhile, the small Rho GTPases Cdc42 and RhoA are recruited via 

a Dsh-dependent process to nucleate actin polymerization in distal cell domains with Rac1 

restricting actin activity to these regions, which contributes to polarized hair growth on distal 

apical membranes(Eaton et al., 1995, 1996; Gray et al., 2009; Strutt et al., 1997). cdc42 or rhoA 

mutant wing cells have stunted wing hairs or none at all, whereas overexpression of Rac1DN 

produces a multiple cell hair phenotype, just like mwh, fy, in, or frtz mutants(Eaton et al., 1995, 

1996; Lee and Adler, 2002; Lu et al., 2010; Yun et al., 1999). The roles of Fy, In, and Frtz in 

vertebrate systems are generally less clear. For example, the loss of Xenopus orthologs of Fy 

and In exhibit very weak convergent extension (CE) (discussed below) defects but dramatically 

altered ciliogenesis as In influences docking of the basal body (BB)(see below) to apical 
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membranes, and Fy governs vesicular trafficking to the BB and along ciliary axonemes (Gray et 

al., 2009; Park et al., 2006, 2008). Furthermore, loss of Frtz in Xenopus only disrupts cell 

elongation but not cellular polarity (Kim et al., 2010). Though the downstream consequences of 

PCP signaling are diverse and not well understood across systems, the essential mechanics of 

core PCP protein function are generally highly conserved. 

Vertebrate Outcomes of PCP 

Orthologs of the all the core PCP genes are conserved in vertebrate genomes and largely 

preserve the interdependent relationships that establish their cellular asymmetry(Butler and 

Wallingford, 2015; Hale and Strutt, 2015). PCP signaling has essential roles in the planar 

polarization of diverse vertebrate epithelial contexts, including within the central nervous 

system, skin, trachea, and oviduct(Borovina et al., 2010; Devenport and Fuchs, 2008; Shi et al., 

2014; Vladar et al., 2012). Important to my work, PCP signaling enables zebrafish 

neuroepithelial cells to become highly polarized along the planar (anterior-posterior) axis 

during development (Borovina et al., 2010; Ciruna et al., 2006; Walsh et al., 2011). The 

conserved pattern of asymmetrically localized core PCP protein complexes underlies most 

planar polarized epithelial tissues, and can be visualized by immunostaining or through imaging 

of ectopically-expressed fluorescently-fused PCP proteins(Davey and Moens, 2017). In addition 

to polarizing static epithelia, PCP signaling is used in coordinated movements of vertebrate cells 

undergoing collective migration, including the migration of neural crest placodes (Calisto et al., 

2005; Carmona-Fontaine et al., 2008), the movements of sheets of mesodermal and epithelial 
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cells during gastrulation and neural tube closure(Ciruna et al., 2006; Jessen et al., 2002; 

Wallingford and Harland, 2001; Wang et al., 2006), cell migration during wound 

healing(Ossipova et al., 2014; Sawyer et al., 2010), as well as non-collective cell movements like 

the migration of facial branchiomotor neurons (FBMNs) in the vertebrate hindbrain (Davey et 

al., 2016; Jessen et al., 2002; Wada et al., 2006). As an example, during vertebrate gastrulation 

sheets of mesodermal cells polarize, move medially, and intercalate with one another, which 

causes cells to become distributed along the antero-posterior (AP) axis, extending the AP axis 

(Heisenberg et al., 2000). These collective cell movements in multiple contexts are described by 

the term “convergent extension” (CE), as cell converge on one axis to extend another. All core 

PCP signaling components are essential for CE movements during fish, frog, and mouse 

gastrulation and neural tube closure, and mutants display a short wide body axis and open 

neural tube(Ciruna et al., 2006; Curtin et al., 2003; Wallingford et al., 2000; Wang et al., 2006; 

Ybot-Gonzalez et al., 2007). PCP is also used by cells undergoing non-collective movements, 

such as during the migration of FBMNs as will be discussed at the end of this section, as well as 

in Chapter 3.  

PCP and Cilia Positioning 

Primary Cilia and PCP 

Whereas the primary outcome of PCP signaling in the fly wing is asymmetric localization 

of actin-based trichomes, one common product of PCP signaling in many vertebrate epithelia is 

the asymmetric localization of the microtubule-based primary cilium (Borovina et al., 2010; 
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Hashimoto et al., 2010; Nonaka et al., 2005; Okada et al., 2005). Primary cilia of many epithelial 

systems undergo a PCP signaling dependent “translational” migration toward the cell periphery, 

which is important for cellular signaling and tissue specific functions. For example, PCP signaling 

has been implicated in regulating the translational positioning of primary cilia in the mouse 

node, an important signaling structure during development, where cilia position, orientation, 

and rotational dynamics determine embryonic left-right patterning (Antic et al., 2010; 

Hashimoto et al., 2010; Song et al., 2010), in sensory hair cells of the mouse cochlea where cilia 

positioning is crucial for auditory function (Ezan et al., 2013; Jones et al., 2008), in zebrafish 

neuroepithelial cells where motile primary cilia direct ventricular fluid flow (Borovina et al., 

2010), and in lens cells in the eyes of mice (Sugiyama et al., 2010). In the mouse node, PCP 

signaling controls the uniform positioning and tilting of motile primary cilia towards cell 

posteriors, which is essential for the leftward fluid flow that determines left-right patterning of 

the entire body axis (Antic et al., 2010; Borovina et al., 2010; Essner et al., 2002; Hashimoto et 

al., 2010; Nonaka et al., 2005; Okada et al., 2005; Song et al., 2010). Similar to the fly wing 

where Fmi-Fz-Dsh complexes localize to distal membranes prior to the assembly of distally 

localized trichomes, in the node the asymmetric localization of Dvl to posterior membranes 

precedes primary cilia assembly at cell posteriors, whereas Vangl2 and Pk localize to anterior 

membranes (Antic et al., 2010; Borovina et al., 2010; Hashimoto et al., 2010). Important to my 

work, the floorplate of the zebrafish neural tube closely resembles the node in that the motile 

primary cilia of floorplate cells polarize toward cell posteriors by two days post fertilization 

(dpf), and Vangl2 controls this behavior cell-autonomously(Borovina et al., 2010). Separate 
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from this work, in mouse cochlear cells, the axoneme of the kinocilium (a specialized primary 

cilia) extends from the BB once it reaches the apical membrane at the cell center and then 

undergoes a PCP-dependent migration to the lateral edge of the cell apex where it coordinates 

the positioning of a V-shaped bundle of sensory microvilli (Ezan et al., 2013; Jones et al., 2008). 

This was demonstrated through Vangl2, Celsr1, and Fzd3/Fzd6 double mutants, which display 

randomized BB/kinocilium orientation on apical membranes (Curtin et al., 2003; Montcouquiol 

et al., 2006; Wang et al., 2006). In sum, PCP signaling has been implicated in the proper 

positioning of primary cilia in diverse cell types, yet the mechanisms by which this is 

accomplished remains an open area of study. 

PCP and Multiciliated Cells 

PCP signaling is also essential for positioning cilia in many vertebrate multiciliated cell 

(MCC) contexts, including the positioning and orientation of cilia in frog epidermal MCCs 

(Mitchell et al., 2009; Park et al., 2006, 2008), ependymal cells in mice (Guirao et al., 2010), and 

epithelial cells in the mouse oviduct (Shi et al., 2014, 2016). BBs of motile cilia in MCCs are 

generated post-mitotically through a poorly understood “de-novo” biogenesis that relies on a 

structure known as the nucleosome (for review see (Brooks and Wallingford, 2014)), and then 

apically dock through an actin-dependent mechanism (Boisvieux-Ulrich et al., 1985; Dawe et al., 

2007). Importantly, MCC BBs are linked subapically through a cortical network of actin and MTs 

which link the orientation of the basal feet and rootlets, structures associated with MCC BBs 

that direct the tilting of cilia but also synchronize the motile ciliary beating in these tissues 
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(Boutin et al., 2014; Mitchell et al., 2007; Wallingford, 2012). This subapical cytoskeletal 

network of linked BBs functions as a microtubule organizing center (MTOC) for cells in some 

contexts where it is used to position organelles and initiate apico-basal polarity (for review 

see(Sanchez and Feldman, 2016).  

MCCs use PCP signaling to establish multiple levels of planar polarity. First, “rotational” 

polarity refers to the parallel alignment of all motile ciliary BBs within each MCC, which reflects 

the PCP-dependent organization and assembly of the subapical cytoskeletal network that links 

ciliary BBs (for review, see(Brooks and Wallingford, 2014)). Second, as in other systems, PCP 

coordinates “tissue-level” planar polarity information across cell boundaries so that BBs, motile 

cilia, and ciliary beating are oriented across entire tissues (Mitchell et al., 2009). Coordinated 

orientation and movements of motile cilia are essential for MCC function, which includes the 

removal of dust and mucus from the apical lumen of the trachea (Vladar et al., 2012), moving 

cerebral spinal fluid in the brain ventricles (Boutin et al., 2014; Ohata and Álvarez-Buylla, 2016), 

delivery of oocytes to the uterus through the oviduct (Shi et al., 2014, 2016), and the 

movement of protective mucus across Xenopus epidermis (Park et al., 2008). Whereas motile 

cilia distribute across the entire apical membranes of MCCs of the airway, oviduct, and Xenopus 

skin, mouse ependymal cells display a third type of polarity by restricting motile cilia to distinct 

apical clusters (Mirzadeh et al., 2010). These clusters arise at the center of each cell and then 

undergo a PCP-dependent “translational” migration toward posterior apical membranes, much 

like the translational migration of primary cilia in other contexts (Guirao et al., 2010). 

Interestingly, fluid flow generated by asymmetric ciliary beating can reinforce translational and 
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tissue level polarity by causing tension on motile cilia (the link between tension and PCP is 

discussed below) (Mirzadeh et al., 2010). This process of “entrainment” of polarity by fluid flow 

also occurs in Xenopus MCCs, and exposure to exogenous fluid flow can reorient the axis of 

polarity (Mitchell et al., 2007). Dvl normally localizes to the base of motile cilia in Xenopus 

MCCs, and knockdown of Dvl1, Dvl2, or Dvl3, either singly or combined, or expressing DN-Dvl, 

causes defects in BB apical docking, rotational polarity of BBs, disorganized beating of cilia, and 

impairment of fluid flow (Park et al., 2006, 2008). Additionally, dvl1, dvl2, dvl3 triple knockout 

mice display hydrocephalus due to abnormal cilia patch positioning within ependymal cells, 

indicating that PCP signaling is essential for fluid flow coordination (Ohata et al., 2014). 

Furthermore, in mouse ependymal cells, Celsr1, Celsr2, Celsr3, Fzd3, and Vangl2 are required 

for translational polarity of cilia, and also affect rotational polarity of individual BBs (Boutin et 

al., 2014; Tissir et al., 2010). Though PCP signaling has been established as essential for the 

positioning of cilia, the requirement for asymmetric cilia positioning in the propagation and 

maintenance and of PCP signaling is an active area of study. 

PCP and Centriole Positioning 

Ciliogenesis requires a specialized subapical centriolar structure known as the basal 

body (BB), and positioning of BBs is an actively maintained process that depends on actin and 

MT dynamics, MT motors like myosins, kinesins, and dyneins, as well as PCP signaling, even in 

systems that lack primary cilia (Carvajal-Gonzalez et al., 2016a; Zhu et al., 2010). BBs are 

specialized centrosomes, which themselves are formed by association of the mother and 
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daughter centrioles. Centrioles are conserved cellular organelles whose main structure consists 

of short beta and gamma tubulin polymers and the protein centrin, which assemble into a 

barrel shape with a central cavity (Azimzadeh and Marshall, 2010; Beisson and Wright, 2003; 

Bornens, 2012; Carvalho-Santos et al., 2011). Centriole positioning can be dynamic, such as 

during cell division when mother and daughter centrioles migrate to opposite poles at the 

plasma membrane, where they project MTs to establish the mitotic spindle, or during the cell 

movements of wound closure when centrioles move towards the leading edge (Blitzer et al., 

2011; Yadav et al., 2009). Many proteins associate with centrioles to perform roles in 

centrosome assembly, function, as well as subcellular positioning, and the subcellular cloud of 

dynamic proteins associated with the centrosome is known as the pericentriolar matrix (PCM). 

Centrosomes have many cellular functions including major roles in cell division, cell motility, as 

well as cellular sensing and polarity (Bettencourt-Dias and Glover, 2007; Nigg and Raff, 2009). 

Importantly, within apicobasally polarized epithelial cells the centrosome moves toward the 

apical membrane to become the BB of the primary cilium, where it nucleates ciliogenesis and 

determines cilia positioning (Avasthi and Marshall, 2012; Buendia, 1990; Reiter et al., 2012; 

Rodriguez-Boulan and Macara, 2014; Rodríguez-Fraticelli et al., 2012).  

One of the main roles that centrosomes perform within proliferating cells is that of the 

primary MTOC. MTOCs nucleate and organize the MT cytoskeleton, position the Golgi complex, 

primary cilium, and proteasome, and MTOC position can polarize many cellular functions 

(Badano et al., 2005). The formation of new MT filaments at the centrosome requires a process 

known as MT nucleation, which is dependent on γ-tubulin ring complexes (γ-TuRCs) within the 
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PCM (Moritz and Agard, 2001). Importantly, many cell types reorganize MTs into non-

centrosomal arrays after they exit the cell cycle and differentiate, and thus reassign at least 

partial MTOC function to other cellular structures (for review see (Muroyama and Lechler, 

2017; Sanchez and Feldman, 2016)). Additionally, in fly interphase, MTs do not depend on 

centrioles and mutant flies that lack centrioles have remarkably normal phenotypes (Basto et 

al., 2006; Gogendeau and Basto, 2010; Rogers et al., 2008). MTOC reassignment is coincident 

with γ-tubulin delocalization at the centrosome, which suggests that PCM dissociation 

inactivates the centrosome as the primary MTOC (Brodu et al., 2010). Non-centrosomal MTOCs 

are poorly characterized, but include membrane associated proteins like calmodulin-regulated 

spectrin associated protein 3 (CAMSAP3), which can nucleate MTs in mammalian cell culture 

(Tanaka et al., 2012). Despite the ability of differentiated cells to reassign MTOC function to 

non-centrosomal structures, centrosomes often retain the ability to nucleate and organize 

radial arrays of MTs in many cell types including mammalian epidermal cells (Lechler and Fuchs, 

2007) and neurons (Yu et al., 1993). It remains to be determined how differentiated cells 

maintain complex patterns of MT organization during the process of MTOC reassignment. 

How does PCP Control Basal Body Polarity? 

Current models suggest that PCP signaling directs BB positioning primarily through the 

regulation of actin. Actin filament polymerization is needed for proper positioning of ciliary BBs 

in polarized epithelial cells, as cytochalasin D, an actin polymerization inhibitor interferes with 

BB migration and ciliogenesis (Boisvieux-Ulrich et al., 1990). Rac1, a regulator of actin dynamics, 
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is important for the positioning of BBs as NSC23766, a Rac1 inhibitor, causes cilia in the mouse 

node to remain centrally localized and disrupts the position of the BB in auditory hair cells 

(Hashimoto et al., 2010). Additionally, PAK, a cytoskeletal regulator downstream of Rac and 

CDC42 (Bokoch, 2003) is inhibited by the small molecule inhibitor IPA-3, which impairs ciliary 

positioning in inner ear hair cells (Sipe and Lu, 2011). DN RhoA (RhoA-N19) disrupts actin 

polymerization and causes BB misalignment in Xenopus epithelial MCCs, likely through 

disrupting the directed apical actin polymerization that is involved in docking BBs to the apical 

membrane (Park et al., 2008). In mouse ependymal cells Celsr2 and 3 are needed for the 

regulation of actin to organize BB rotational polarity and organization of BB patches (Boutin et 

al., 2014). Dvl and In are normally localized near the BB of cilia in Xenopus epithelial MCCs and 

work to regulate Rho activation and localization (Park et al., 2006, 2008). The loss of Dvl or Fy or 

In decreases apical actin assembly in these cells, which affects BB positioning and cilia 

orientation (Park et al., 2006, 2008; Werner et al., 2014). Thus, PCP signaling regulates actin 

dynamics to position BBs and cilia in many cellular contexts. 

Reciprocal Relationships Between PCP and Cilia 

Ciliogenesis and cilia positioning is generally considered downstream of PCP signaling 

due to the above examples, as well as the fact that ift88 and kif3a mouse mutants, both of 

which lack primary cilia, display disrupted BB planar polarization yet retain normally localized 

PCP proteins (Jones et al., 2008). However, it should be mentioned that in addition to PCP 

influencing cilia positioning, there is also evidence that cilia themselves have reciprocal 
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influence on PCP signaling. This idea partially comes from studies on Bardet Biedl Syndrome 

(BBS) proteins, which are involved in intraflagellar transport (IFT) and are required for 

ciliogenesis (for review, see(Blacque and Leroux, 2006)). It has been hypothesized that BBS 

proteins could have roles in trafficking of PCP proteins, as multiple core PCP components 

localize the BB, including Dvl2 in Xenopus epithelial cells, as well as Vangl2 in mouse kidney 

epithelial cells (Park et al., 2008; Ross et al., 2005). Importantly, PCP and BBS proteins are 

thought to genetically interact as BBS and PCP mutations cause related phenotypes that are 

exacerbated when combined. For example, mice with mutations in Vangl2, Scrb1, or Celsr1, 

exhibit midbrain exencephaly resulting from a failure in neural tube closure, which also occurs 

in Bbs4 mutant mice (Curtin et al., 2003; Montcouquiol et al., 2003; Ross et al., 2005). 

Additionally, these PCP mutant mice display defects in cochlear stereociliary bundle 

orientation, which occurs at a lower frequency in Bbs1, Bbs4, and Bbs6 mutants (Ross et al., 

2005). Heterozygous combination of Bbs1 and Vangl2 (Looptail) mutations results in significant 

embryo lethality as well as increased frequency of stereociliary defects. Furthermore, vangl2 

mutant zebrafish display convergent extension defects that result in a shortened and widened 

body axis, which is enhanced by Bbs4 or Bbs8  knockdown (May-Simera et al., 2010; Ross et al., 

2005). Furthermore, deletion of Bbs8 disrupts the asymmetric accumulation of Vangl2 in the 

mouse cochlea and co-immunoprecipitation assays revealed direct interactions between these 

proteins (May-Simera et al., 2015). However, (Carvajal-Gonzalez et al., 2016b) points out that 

whereas PCP loss of function randomizes cochlear kinocilia position but does not affect the 

positioning and organization of stereocilia relative to the kinocilia, BBS mutants display distinct 
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circular and flat distributions of stereocilia that more closely resemble phenotypes caused by 

the loss of G-protein signaling components Gαi3 and mPins (Ezan et al., 2013). Additionally, the 

asymmetric localization of Vangl2 is retained in Gαi3 and mPins mutants, which suggests that 

PCP functions upstream of these factors and BBS proteins. Aside from this observation, the links 

between PCP signaling, ciliogenesis and cilia positioning remain controversial as they are not 

understood at a mechanistic level. 

Models of Global Planar Polarity Establishment and Coordination 

Interactive properties of core PCP proteins when coupled with the dynamics of 

endocytic flux (both are discussed below) are sufficient to establish and propagate PCP in local 

regions of animal cells, but the mechanism by which cells across entire tissues coordinate their 

initial asymmetry has remained controversial. The stochastic breaking of cellular symmetry 

during development can cause locally aligned patches of asymmetry, but to form fully 

functional organs this asymmetry needs to be coordinated across entire tissues (Aw et al., 

2016; Strutt and Strutt, 2007; Vladar et al., 2012). Though no single conserved mechanism for 

coordinating PCP establishment is known to date, there are multiple interrelated models that 

are thought to act in specific cellular contexts. 

Fat/Daschous/Four-jointed Signaling 

The most well-understood process for coordinated PCP establishment is dependent on 

the Fat/Daschous/Four-jointed (Ft/Ds/Fj) signaling pathway in Drosophila (Harumoto et al., 

2010; Olofsson et al., 2014; Shimada et al., 2006; Simon, 2004; Yang et al., 2002; Zeidler et al., 
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1999). Ft and Ds are atypical cadherins that preferentially bind to one another in heterophilic 

interactions at the cell surface (Ma et al., 2003; Matakatsu and Blair, 2004; Strutt and Strutt, 

2002). Ds forms a gradient across the fly wing in a proximal to distal direction, whereas Ft is 

uniformly expressed, and the Golgi-associated protein Fj is expressed in a gradient in the distal 

to proximal direction (Strutt et al., 2004; Zeidler et al., 1999). Fj regulates the interactions 

between Ft and Ds through phosphorylation of Ft, which leads to asymmetric localization of 

these proteins within individual cells (Ma et al., 2003; Strutt and Strutt, 2002). Ft and Ds also 

display an asymmetry of binding activity across cell membranes which is affected by the 

phosphorylation of the cytosolic tail of Ft induced by Ds binding (Feng and Irvine, 2009; Sopko 

et al., 2009). Asymmetry of Ft and Ds activity can polarize subcellular Dachs, an atypical myosin 

that helps orient cell division along the proximal-distal axis in fly wing (Baena-López et al., 2005; 

Mao et al., 2011). This in turn contributes to wing extension and likely causes tissue strain that 

can contribute to orienting PCP (Baena-López et al., 2005). However, the main mechanism by 

which the Ft/Ds/Fj pathway has been identified as a global regulator of PCP is through its ability 

to control the orientation of a polarized subapical non-centrosomal array of MTs within 

epidermal cells in the Drosophila wing and abdomen (Eaton et al., 1996; Harumoto et al., 2010; 

Turner and Adler, 1998).  

Microtubules 

MTs are used throughout development to break symmetry, and arrays of planar 

polarized MTs have been identified in many PCP-polarized tissues (Eaton et al., 1996; Hannus et 
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al., 2002; Vladar et al., 2012). In the case of the fly wing, plus ends of MTs within subapical 

arrays are slightly biased toward distal cell membranes before the onset of PCP protein 

asymmetry (Matis et al., 2014; Olofsson et al., 2014; Shimada et al., 2006). This bias was 

detected through an extensive analysis of the dynamics EB1-GFP comets, which track MT plus 

ends during polymerization (Harumoto et al., 2010; Stepanova et al., 2003). This slight bias in 

MT orientation biases the kinesin-based trafficking of vesicles containing Fmi, Fz, and Dsh 

distally, creating a slight excess of these proteins at distal membranes (Harumoto et al., 2010; 

Olofsson et al., 2014; Shimada et al., 2006). Importantly, in the fly the response that MTs and 

PCP proteins themselves have to gradients of Ft/Ds/Fj activity is determined through an 

unknown mechanism that responds to differential Pk isoform expression (Olofsson et al., 2014). 

For example, in the fly wing where Pk is dominantly expressed over the alternative splice form 

Pk-Sple, Vang and Pk localize to the proximal membrane, where Ft is localized. Unsurprisingly, 

pk mutant wings have severely disrupted wing hair patterning, whereas pk-sple mutant wings 

are normally polarized, indicating that Pk is normally the active isoform in the wing (Gubb et al., 

1999). Overexpression of Pk in a pk mutant wing restores normal wing polarity whereas 

overexpression of Pk-Sple reverses the bias in the direction of EB1-GFP comets toward the 

proximal membrane, reverses Fz and Vang polarity, and ultimately disrupts trichome 

orientation (Olofsson et al., 2014). In the fly abdomen, where Pk-Sple is the dominant isoform, 

the above relationships are reversed. Thus, Ft/Ds/Fj expression and activity affects the 

orientation of subapical MT arrays as interpreted via an unknown mechanism that is dependent 

on Pk isoform expression. The biased orientation of MT plus ends towards distal membranes 
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enables the biased kinesin-based trafficking of Fmi/Fz/Dsh containing vesicles towards distal 

membranes. This initial asymmetry of PCP protein localization towards distal membranes is 

sufficient to enable the activities of core PCP proteins (discussed below) to amplify and stabilize 

the asymmetric distribution of membrane-associated PCP signaling complexes and establish a 

coordinated PCP axis across entire tissues. This PCP polarization in turn influences actin 

dynamics which work to asymmetrically localize trichome biogenesis to distal apical cell 

surfaces. Importantly, some aspects of this MT-dependent mode of PCP establishment appear 

to be conserved in vertebrates (Boutin et al., 2014; Sepich et al., 2011; Shi et al., 2016; Vladar et 

al., 2012). For example, injecting mouse embryonic brain ventricles with the MT-depolymerizing 

drug nocodazole at the onset of PCP protein asymmetry in ependymal cells disrupts the 

coordination of Celsr1 and Vangl2 polarization between cells (Boutin et al., 2014). Additionally, 

in mouse tracheal epithelial cells (MTECs), a MT network connects the neighboring BBs of 

motile cilia along apical membranes and helps organize and coordinate synchronized ciliary 

beating (Vladar et al., 2012; Werner et al., 2011). However, even in cases where MTs are 

essential for PCP establishment, PCP proteins themselves are needed for the polarization of 

MTs, so the link between PCP and MTs is not unidirectional (Chien et al., 2015; Olofsson et al., 

2014; Vladar et al., 2012). Additionally, in the Ciona notochord, the PCP-dependent posterior 

positioning of nuclei and establishment of asymmetric Pk localization is not disrupted by 

treatment with nocodazole, suggesting that MTs are not needed for PCP establishment in some 

contexts (Newman-Smith et al., 2015). In this system, disruption of actin or myosin by 

cytochalasin or blebbistatin upsets nuclear polarization as well as asymmetric distribution of Pk 



19 
 
 

 

and Stbm, suggesting that alternative cytoskeletal components may be used to establish PCP in 

some contexts (Kourakis et al., 2014; Newman-Smith et al., 2015). Hence, though it is well-

established that MTs function to enable the initial establishment of PCP protein asymmetry in 

Drosophilia, the mechanistic links between MTs and PCP signaling proteins are complex and 

may not be universally conserved. 

Tissue Strain 

 Physical tissue strain during morphogenesis is one process that has been shown to 

orient PCP axes in multiple contexts (Aw et al., 2016; Mitchell et al., 2009). For example, in the 

Xenopus epidermis the PCP axis is initially defined by gastrulation forces, with core PCP protein 

complexes becoming most stable near cell junctions experiencing high strain (Mitchell et al., 

2009). This polarization can reorient in response to exogenous strain, as Xenopus ectodermal 

explants localize Fzd3-GFP to cellular junctions aligned with applied tension (Chien et al., 2015). 

Additionally, forces generated through tissue deformation caused by cell division and 

rearrangements are able to reorient the polarity axis of Celsr1 localization within mammalian 

skin (Aw et al., 2016). Furthermore, in the fly wing, the axis of planar polarization reorients 

along the proximal-distal axis in response to tissue strain during wing hinge contraction and 

cellular elongation (Aigouy et al., 2010). The mechanism by which PCP orients in relation to 

tissue strain requires MTs, as Xenopus epidermal explants treated with nocodazole do not 

accumulate Fzd3-GFP at cellular junctions when exogenous strain is applied (Chien et al., 2015). 

Actin also appears to be involved as the actin regulators WDR1 and Cofilin1 are needed to 
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maintain cortical tension, and the loss of either prevents robust polarization of Vangl2 and 

Celsr1 in the mouse embryonic node (Mahaffey et al., 2013). Tissue strain may influence PCP 

dynamics through localizing endocytic recycling machinery. Rab11 is important for trafficking 

and recycling PCP components to apicolateral junctions (Strutt et al., 2011), and Rab11 planar 

polarizes towards the strain generated by the central fold of the neural plate during mouse 

neural tube closure (Mahaffey et al., 2013). Importantly, Rab11 does not localize towards 

sources of strain in the absence of PCP signaling, and DN-Rab11 disrupts actomyosin-based cell 

shape changes involved in wound healing (Ossipova et al., 2014). As mentioned above, in 

multiciliated cells of the Xenopus epidermis or mouse ependyma, extracellular forces generated 

by fluid flow can orient and strengthen planar polarity (Guirao et al., 2010; Mitchell et al., 2007, 

2009). Regulation of polarity by tissue strain appears to be an effective way for animal tissues 

to coordinate certain cell movements regardless of developmental context and may be a 

conserved mechanism to establish planar polarity in some cases, but it seems unlikely to be the 

sole mechanism for coordinating global PCP patterning across entire tissues.  

Wnts 

An attractive yet elusive model for global PCP patterning is that gradients of Wnt ligands 

provide a polarizing cue for core PCP machinery, as Fz is itself a Wg receptor and Wnt gradients 

are often aligned to PCP axes (Adler et al., 1997; Lawrence et al., 2002; Sokol, 2015). Indeed, Fz 

and Dvl perform major roles in canonical Wnt signaling (for review see(Clevers and Nusse, 

2012), which is why PCP signaling is sometimes referred to as the “non-canonical Wnt signaling 
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pathway”. Non-canonical Wnt ligands that are primarily associated with PCP signaling include 

Wnt5- and Wnt11-like proteins in multiple systems (Chu and Sokol, 2016; Heisenberg et al., 

2000; Ossipova et al., 2015; Qian et al., 2007). Aside from functioning as ligands for Fzd 

receptors, these Wnt proteins can regulate the post-translational modifications or stability of 

PCP proteins (Gao et al., 2011; Narimatsu et al., 2009). For example, Wnt5a promotes the 

association of Vangl2 with the tyrosine-protein kinase receptor Ror2 complex in the mouse 

limb, which promotes Vangl2 phosphorylation (Gao et al., 2011). Also in mouse, Wnt5a 

stimulates the phosphorylation of Dvl2, which causes it to colocalize with the apical polarity 

protein Par6 and ubiquitin ligase Smurf2 (Narimatsu et al., 2009). This complex in turn regulates 

Pk1 through promoting its ubiquitylation, which increases its degradation. These studies have 

demonstrated that Wnt proteins are involved in PCP-dependent processes, but whether Wnts 

play a permissive or instructive role in PCP remains controversial (Gao et al., 2011; Heisenberg 

et al., 2000; Ossipova et al., 2015; Qian et al., 2007; Wu et al., 2013). For example, in early fly 

wing development Fmi-Fz-Dsh complexes orient towards the source of Wg and Wnt4 at the 

wing margin, and clones expressing Wg or Wnt4 produce gradients that can establish PCP over 

many cell lengths (Wu et al., 2013). Similarly, in the Xenopus ectoderm Pk and Vangl orient 

away from ectopic Wnt5a, Wnt11, and Wnt11b, but not Wnt3a. (Chu and Sokol, 2016). 

Additionally, wnt5a mutant mice display cochlear sensory hair orientation defects (Qian et al., 

2007), and wnt11 mutant zebrafish display disrupted convergent extension during gastrulation 

(Heisenberg et al., 2000). However, ubiquitously expressed Wnt11 can largely restores WT 

phenotypes to wnt11 mutant zebrafish, suggesting that Wnt11 performs a permissive rather 
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than instructive role. As Wnt signaling leads to different outcomes depending on cellular 

context, a clear mechanism through which Wnts may direct global PCP patterning remains to be 

resolved.  

Mechanics of PCP Establishment and Maintenance 

Transmembrane Core PCP Proteins 

Once asymmetrically localized, the mutually attractive and repulsive behaviors of core 

PCP proteins are sufficient to amplify and maintain PCP intracellularly, as well as to coordinate 

this asymmetry between cells to generate cohesive tissues (Chen et al., 2008; Strutt and Strutt, 

2008; Wu and Mlodzik, 2008). In Drosophila, the extracellular domains of Fz and Vang interact 

extracellularly through an association with the Fmi to propagate polarity information across cell 

boundaries (Chen et al., 2008; Lawrence et al., 2004; Strutt and Strutt, 2008; Usui et al., 1999). 

In pupal fly wings before the onset of planar polarity, both Fz and Dsh move from the cytoplasm 

to the cell cortex to form a symmetric apical ring of localization along cell boundaries (Axelrod, 

2001; Strutt, 2001). Fmi, a non-classical cadherin localizes to these same plasma membranes, 

and at the onset of PCP, the cadherin repeat domains of Fmi interact extracellularly to promote 

the formation of Fmi homodimers at apical cell-cell junctions (Chen et al., 2008; Strutt and 

Strutt, 2008; Wu and Mlodzik, 2008). Formation of homodimers across cell membranes 

increases the stability of Fmi at cell junctions, where it is able to recruit and bind Fz and Vangl 

(Bastock et al., 2003; Strutt, 2001; Usui et al., 1999). Importantly, the association of Fmi with 

Vang and Fz is essential for the establishment of the stable polarity of each protein as Fmi is 
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diffuse in fz, vang double mutants and Vang and Fz are diffuse in fmi mutants (Bastock et al., 

2003; Strutt, 2001; Strutt and Strutt, 2008; Usui et al., 1999). Fmi preferentially binds Fz over 

Vang, and Fmi-Fz complexes will bind either unbound Fmi or Fmi-Vang but not Fmi-Fz across 

cell membranes (Chen et al., 2008; Lawrence et al., 2004; Struhl et al., 2012; Strutt and Strutt, 

2008). Thus, in the fly wing Fmi propagates intracellular PCP protein asymmetry across cell 

membranes by preferentially recruiting Fmi bound to the opposite core protein in neighboring                    

cells. Once Fmi-Fz and Fmi-Vang become localized, they are progressively assembled into 

distinct signaling complexes through this positive feedback loop, strengthening the polarity of 

these proteins along the proximal to distal axis. 

Cytosolic Core PCP Proteins 

Though these positive intercellular interactions are enough to establish asymmetric 

localization of Fz and Vang across neighboring cells, this asymmetry must be amplified through 

positive and negative interactions between core cytosolic PCP proteins to be robustly stable 

throughout development. For example, Fmi recruits Fz to apicolateral regions of the cell, and 

the cytoplasmic tail of Fz binds the DEP domain of Dsh, which recruits Dsh to the membrane as 

well (Axelrod, 2001; Axelrod et al., 1998; Strutt, 2001). Fz and Fmi levels at junctional 

membranes decrease in dsh mutants, indicating that the association of Dsh with Fmi-Fz 

complexes increases complex stability at the membrane (Bastock et al., 2003; Strutt, 2001; 

Strutt and Strutt, 2008; Usui et al., 1999). The ankrin repeat region of Dgo in turn is able to bind 

to the PDZ domain of Dsh, and the association of all these proteins promotes local clustering of 
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Fmi-Fz-Dsh-Dgo complexes, which greatly stabilizes the localization of each protein on the 

membrane (Jenny et al., 2005). The second core membrane-localized PCP protein complex is 

composed of the proteins Vang and Pk. The c-terminal regions of these two proteins interact 

and this interaction increases binding between Vang and Pk but also homotypic binding of each 

protein to itself, thus increasing local clustering and stability at junctional membranes (Butler 

and Wallingford, 2015; Jenny et al., 2003). The c-terminal regions of Pk and Vang also associate 

with the PDZ domain of Dsh and the ankrin repeats of Dgo (Das et al., 2004; Jenny et al., 2005). 

As the c-terminus is what links Vang and Pk, it has been proposed that a negative feedback 

mechanism works by Pk inhibiting the association of Dsh with Fmi-Vang by competing for the 

same binding region on Vang, while Dgo competes with Pk to bind to Dsh (Das et al., 2004; 

Jenny et al., 2003, 2005). Additionally, Fz promotes the removal of Fmi-Vang-Pk complexes 

from the membrane where Fz has already accumulated (Cho et al., 2015). This negative 

feedback enables Fmi-Fz-Dsh-Dgo and Fmi-Vang-Pk complexes to exclude complementary sets 

of proteins from localizing to the same membrane, reinforcing the characteristic PCP pattern of 

alternating membrane-associated protein localizations along planar axes (Bastock et al., 2003; 

Tree et al., 2002). 

Endocytic Flux of PCP Proteins 

The localization of core PCP proteins is influenced and partially maintained by a process 

known as “endocytic flux,” where membrane-bound proteins are continuously endocytosed, 

trafficked along MTs, and then either recycled to the membrane or degraded in lysosomes 
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(Butler and Wallingford, 2017). Endocytosis is a normal cellular behavior that removes unstable 

proteins from the membrane, and Rab5, clathrin, and dynamin have been shown to be involved 

in endocytosis of core PCP proteins (Classen et al., 2005; Mottola et al., 2010, Strutt and Strutt, 

2008). The relationship between endocytosis and PCP is most clearly demonstrated when 

endocytosis is inhibited (through Rab5 dominant negative (DN) expression), which causes an 

overaccumulation of Fmi at the membrane, indicating that is an essential process for 

maintaining proper levels of PCP protein at the membrane (Strutt and Strutt, 2008; Strutt et al., 

2011). Furthermore, Fmi is endocytosed more rapidly in fz and vang single and double mutants, 

as the loss of these proteins removes the stabilizing intercellular interactions and clustering 

properties that normally prevent Fmi internalization (Strutt and Strutt, 2008). Regulation of 

endocytic behavior is one mechanism by which PCP protein complexes establish their 

characteristic mutually-exclusive membrane localization patterning. For example, Pk stabilizes 

Fmi/Vang/Pk complexes at cell junctions by promoting clustering, but it can also facilitate the 

removal of unstable Vang from the membrane when it is ubiquitinylated by the Cullin1 SkpA 

and Slimb ubiquitin ligase complex, which causes endocytosis of Fmi-Vang-Pk complexes (Cho 

et al., 2015). This internalization is reduced in Fz mutants, as Fz can promote the removal of 

Fmi-Vang-Pk complexes from membrane regions where Fz is abundant (Cho et al., 2015; Strutt 

and Strutt, 2008; Strutt et al., 2011). Furthermore, disrupting the interaction between Dvl2 and 

the clathrin associated adaptor protein AP2 decreases Fzd4 internalization, which causes 

gastrulation defects in Xenopus (Simons et al., 2009; Wong et al., 2003; Yu et al., 2007). In 

mouse axon growth cones Vangl2 promotes the dephosphorylation and internalization of Fzd3, 
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and loss of Dvl1 disrupts Fzd3 phosphorylation and localization (Shafer et al., 2011). 

Furthermore, regulated endocytosis of PCP proteins is essential for maintaining PCP during cell 

rearrangements and divisions in multiple systems (Classen et al., 2005; Devenport et al., 2011). 

For example, during mitosis in the mouse epidermis the internalization of Celsr1 is regulated by 

Polo-like Kinase 1 (PLK1), which phosphorylates a dileucine motif on the cytoplasmic tail of 

Celsr1, promoting its endocytosis (Devenport et al., 2011; Shrestha et al., 2015). Vangl2 and 

Fzd6 are recruited to endosomes by Celsr1, which themselves are equally distributed to 

daughter cells and then returned to membranes, where they engage with neighboring polarized 

cells to reestablish PCP.  

Once PCP proteins are endocytosed they can be recycled back to the membrane, 

sometimes after relocation across the cell through vesicular-based directed trafficking along 

MTs, or they can be degraded. For example, the clathrin adaptor protein AP1 as well as the 

GTPase ARF1 are involved in the trafficking of vesicles from the Golgi and endosomes, 

respectively, to the membrane, and each is required for normal PCP patterning (Carvajal-

Gonzalez et al., 2015). Internalized Fmi colocalizes with Rabs 4, 5, 7, and 11, and both Rab 4 and 

11 are involved in the recycling of Fmi back to the membrane whereas Rab 7 is required for its 

degradation (Classen et al., 2005; Strutt and Strutt, 2008; Strutt et al., 2011). Also, the 

deubiquitylating enzyme Fat Facet (Faf) helps maintain proper Fmi localization at junctional 

membranes by preventing Fmi accumulation in Rab5 positive endosomes and by promoting Fmi 

recycling to the membrane (Strutt et al., 2013). The degradation of damaged or excess PCP 

proteins contained in endocytic vesicles is the final stage of endocytic flux that can impact PCP. 
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For example, inhibiting lysosomal maturation leads to intracellular accumulation of Fmi, 

suggesting that it is subject to a level of constant degradation (Strutt and Strutt, 2008; Strutt et 

al., 2011). Vang modulates the degradation of Pk in Drosophila through a ubiquitylation 

mechanism involving Cullin1, and as such loss of Vang leads to an increase of cellular Pk protein 

levels (Cho et al., 2015; Strutt et al., 2013). This function is conserved in Xenopus epidermal 

cells as pk overexpression leads to an increase of Vang at cell junctions, but vang 

overexpression decreases Pk at these same junctions (Bastock et al., 2003; Butler and 

Wallingford, 2015). In sum, the endocytosis, recycling, as well as the regulated degradation of 

PCP proteins are all essential processes in the establishment and maintenance of PCP signaling 

in living tissues. 

Are MTs required for PCP maintenance? 

The asymmetric localization of PCP proteins is essential for the establishment of many 

planar polarized cellular processes, but the mechanism of maintaining these asymmetric PCP 

protein distributions after cells produce polarized structures and behaviors remains 

understudied.  As discussed above, a body of evidence has tied oriented subapical MTs to the 

establishment of PCP protein polarity in the fly (Harumoto et al., 2010; Olofsson et al., 2014; 

Shimada et al., 2006). However, the asymmetric distribution of these PCP proteins is transient 

and rapidly dissipates after the formation of distal trichomes, limiting the study of MT function 

during PCP maintenance within this system. In vertebrate epithelia, the initial asymmetric 

patterning of PCP proteins at the membrane is often maintained beyond its establishment to 
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coordinate cellular structure or dynamic behavior (for review see (Butler and Wallingford, 2017; 

Davey and Moens, 2017)). Importantly, multiple recent studies suggest that the role of 

subapical MT networks in the establishment of PCP protein asymmetry is largely conserved in 

vertebrates, yet this work also suggests that the MT cytoskeleton is later dispensable for the 

maintenance of PCP protein asymmetry (Boutin et al., 2014; Sepich et al., 2011; Shi et al., 2016; 

Vladar et al., 2012). This is surprising, as endocytic flux of membrane-associated proteins is a 

ubiquitous and ongoing process within living cells, and trafficking of protein-containing vesicles 

along MTs is expected to be an integral part of this process (Butler and Wallingford, 2017). 

Importantly, none of these studies have made the requirement of MTs in PCP maintenance the 

focus of their investigation and leave many questions unanswered. Treatment of MTECs with 

the MT depolymerizing drug nocodazole at the onset of PCP protein asymmetry disrupts Vangl1 

and Pk2 membrane polarity, whereas treatment after PCP is established appears to have no 

effect on Pk2 polarization (Vladar et al., 2012). Importantly, the differences between each 

condition were subtle and not quantitated, making interpretation of these results difficult. 

Additionally, epidermal and mesodermal cells undergoing convergent extension during 

zebrafish gastrulation have been shown to asymmetrically localize ectopically expressed 

Drosophila GFP-Pk to anterior membranes (Sepich et al., 2011). In this study, the localization of 

GFP-Pk was disrupted by 1hr nocodazole treatment early in gastrulation but was largely 

unaffected by treatments at later stages, after Pk has become asymmetrically localized to 

anterior membranes. Though this suggests that the maintenance of Pk is not dependent on 

polymerized MTs, it is unclear if Pk asymmetry would decrease with longer nocodazole 
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treatments. Finally, in the mouse oviduct epithelium, Vangl2-EGFP moves in cytosolic vesicles 

and enriches to ovarian side cell junctions (Shi et al., 2016). An apical network of stable MTs as 

well as a more dynamic subapical MT population has been observed in these cells and are 

thought to have conserved roles in PCP protein trafficking (Shi et al., 2014, 2016). Surprisingly, 

after a 24hr nocodazole treatment that disrupts dynamic MTs, Vangl2-EGFP remains 

asymmetrically enriched to ovarian side cell junctions, leading the authors to conclude that MTs 

are not needed for PCP maintenance. However, the authors do note that the stable apical MT 

network within these cells was still present after 24hrs of treatment, suggesting they did not 

actually fully disrupt cellular MTs, which calls their conclusion into question. In sum, though 

MTs have a well-established role in setting up initial PCP protein asymmetry in many systems, 

the requirement for MTs in maintaining this asymmetry has not been adequately investigated 

in any context.  

The Zebrafish Floorplate as a  Model for PCP 

Does the maintenance of PCP protein asymmetry depend on the MT-based trafficking of 

vesicles during endocytic flux? Do PCP proteins only traffic on subapical MT arrays, or do they 

also use centrosomal MTs throughout the cytosol? What roles do stable versus dynamic MT 

populations play in PCP establishment and maintenance? How does the positioning of primary 

cilia with its associated BB/MTOC influence maintenance of PCP protein asymmetry? My work 

described in Chapter 2 sought to address these questions in the planar polarized cellular 

context of the floorplate of the zebrafish neural tube. 
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The vertebrate floorplate is a small group of cells along the ventral midline of the neural 

tube that has major functions in the specification and patterning of neuronal cells (for review 

see (Placzek and Briscoe, 2005)). Early in neural tube development floorplate cells are 

stimulated by the notochord to secrete the glycoprotein sonic hedgehog (Shh), which forms a 

localization gradient along the dorsal-ventral axis of the neural tube that specifies neuronal and 

glial identities (Patten and Placzek, 2000). The floorplate also directs axonal trajectories through 

the secretion of Shh and netrin1 (Charron et al., 2003). Importantly, the floorplate uses PCP 

signaling to become highly planar polarized along the anterior-posterior axis, which can be 

determined by visualizing the posterior positioning of floorplate primary cilia and their 

associated BBs, as well as asymmetric localization of core PCP components within individual 

floorplate cells (Borovina et al., 2010; Davey et al., 2016; Walsh et al., 2011).  

Our ability to visualize the in vivo dynamics of PCP proteins in the context of the 

polarized primary cilium makes the zebrafish floorplate an ideal model for the study of the 

complex interactions between PCP proteins, the MT cytoskeleton, and positioning of the 

primary cilium. Thus, I first characterized the progressive posterior polarization of floorplate cell 

primary cilia/BBs and found that this process requires not only Vangl2 but also Fzd3a. I next 

determined the subcellular distributions of GFP-Vangl2 and Fzd3a-GFP and found that GFP-

Vangl2 asymmetrically localizes to anterior membranes whereas Fzd3a-GFP is equally 

distributed on anterior and posterior membranes but maintains a cytosolic enrichment at the 

base of the primary cilium. I discovered that vesicular Fzd3a-GFP is rapidly trafficked along MTs 

primarily toward the apical membrane during the period of PCP maintenance, whereas GFP-
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Vangl2 is overall less dynamic, maintaining asymmetry at the membrane. Nocodazole-induced 

loss of MT polymerization disrupts BB positioning as well as GFP-Vangl2 localization and 

reduces cytosolic Fzd3a-GFP movements. Removal of nocodazole after MT disruption restores 

MT polymerization but does not restore BB polarity. Interestingly, GFP-Vangl2 repolarizes to 

anterior membranes and Fzd3a-GFP largely re-establishes normal dynamics after multiple hours 

of recovery, even in the context of mislocalized BBs. Together my findings challenge previous 

work by revealing an ongoing role for MT-dependent transport of PCP proteins in maintaining 

both cellular and PCP protein asymmetry during development. 

Outcomes of a  Planar Polarized Neuroepithelium 

 As discussed above, PCP signaling has a wide variety of roles in static epithelial contexts 

as well as during collective cell migration. Additionally, PCP signaling has been implicated in the 

directional migration of single cells during development, especially within the developing 

nervous system. Many neuronal types in the developing brain undergo some type of migration 

event, either radially along glial cells, or tangentially, within the plane of the epithelium in 

which they are present. One such migration is the tangential migration of facial branchiomotor 

neurons (FBMNs) in the vertebrate hindbrain. FBMNs are a group of cranial branchiomotor 

neurons that are born in rhombomere (r)4 and undergo a highly stereotyped posterior 

migration into r6 and r7, where they turn and migrate dorso-laterally to form the facial motor 

nucleus while extending axons out of r4 to innervate muscles derived from the second 

branchial arch (Chandrasekhar, 2004; Wanner and Prince, 2013). Work from our lab 
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demonstrated that FBMNs migrate through the plane of the neuroepithelium adjacent to the 

floorplate in while maintaining contact with neuroepithelial progenitors as well as with other 

migrating neurons (Grant and Moens, 2010). Importantly, neuroepithelial cells, including those 

within the floorplate, are highly polarized along the apico-basal and planar (anterior-posterior) 

axes (Borovina et al., 2010; Ciruna et al., 2006; Walsh et al., 2011). 

 It is well-established that many core PCP and PCP-related signaling components are 

required for the tangential migration of FBMNs. For example, in zebrafish, FBMNs fail to 

migrate in embryos with zygotic loss-of-function of Vangl2, Pk1b, Fzd3a, and Celsr2 (Bingham et 

al., 2002; Carreira-Barbosa et al., 2003; Jessen et al., 2002; Mapp et al., 2011; Rohrschneider et 

al., 2007; Wada et al., 2006). Additionally, Vangl2, Fzd3, Pk1, and Celsr have conserved roles in 

FBMN migration within the mouse hindbrain (Qu et al., 2010; Vivancos et al., 2009; Yang et al., 

2014). Other PCP-related signaling components are required for FBMN migration, including the 

apical-basal polarity protein Scribble (Scrib), as well as the FBMN-specific PCP effector Nance-

Horan syndrome-like 1b (Nhsl1b) (Wada et al., 2005; Walsh et al., 2011). However, how PCP 

signaling is used within FBMNs (cell-autonomously) and throughout their neuroepithelial 

environment (non-autonomously) is not well understood.  

It stands to reason that PCP signaling could be used in several interdependent processes 

to enable FBMN migration. First, as one of the most established roles for PCP signaling is to 

orient actin-based cellular dynamics, FBMNs could use PCP to orient cellular protrusions and 

migration machinery to sense their cellular environment and physically transpose their cell 
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bodies. Indeed, Pk1b and Nhsl1b are expressed within FBMNs but not in their migratory 

environment, and chimeric analysis revealed cell-autonomous roles for each as well as for 

Vangl2 and Scrib in FBMN migration (Mapp et al., 2010; Walsh et al., 2011). Second, PCP 

signaling could be used to coordinate the polarity of the FBMN neuroepithelial migratory 

environment to provide polarized guidance cues during FBMN migration. Indeed, the 

neuroepithelium is highly planar polarized and non-cell autonomous roles for Vangl2, Fzd3a, 

Celsr2 have been identified for FBMN migration (Bingham et al., 2002; Carreira-Barbosa et al., 

2003; Mapp et al., 2011; Qu et al., 2010). It is likely that either of these roles would require an 

active maintenance of PCP protein as well as downstream signaling factor asymmetry within 

one or both cellular contexts during migration. Though PCP signaling has roles in directing 

FBMN migration, the mechanisms through which PCP signaling is used during this dynamic 

process are not well-understood. Thus, the goal of my work presented in Chapter 3 sought to 

better understand how PCP signaling is used within both migrating FBMNs and their polarized 

neuroepithelial environment to orient and enable their tangential migration. Together, our 

findings led us to propose the model in which FBMN migration uses the canonical 

transmembrane interactions of Vangl2 and Fzd3a between migrating FBMNs and their polarized 

neuroepithelial environment to regulate FBMN filapodial dynamics and thus enable signaling 

and/or adhesion for directional migration. 
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Chapter 2: Microtubules are required for the maintenance of 

planar cell polarity in monociliated floorplate cells.  
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Abstract 

The asymmetric localization of planar cell polarity (PCP) proteins is essential for many 

cellular processes, but the mechanisms that maintain these asymmetric distributions remain 

poorly understood. A body of evidence has tied oriented subapical microtubules (MTs) to the 

establishment of PCP protein polarity, yet recent studies have suggested that the MT 

cytoskeleton is later dispensable for the maintenance of this asymmetry. As MTs underlie the 

vesicular trafficking of membrane-bound proteins within cells, the requirement for MTs in the 

maintenance of PCP merited further investigation. We investigated the complex interactions 

between PCP proteins and the MT cytoskeleton in the context of the zebrafish neural tube 

floorplate whose planar polarization is conspicuous in the posterior localization of the primary 

cilium and its basal body, which also serves as the MT organizing center of the cell. We 

demonstrated that the progressive posterior polarization of the primary cilia of floorplate cells 

requires not only Vangl2 but also Fzd3a. We determined that GFP-Vangl2 asymmetrically 

localizes to anterior cell membranes whereas Fzd3a-GFP is not detectably asymmetric at the 

cell membrane but maintains a cytosolic enrichment in vesicles that cluster at the base of the 

primary cilium. Vesicular Fzd3a-GFP is rapidly trafficked along MTs primarily toward the apical 

membrane during a period of PCP maintenance, whereas vesicular GFP-Vangl2 is less frequently 

observed. Nocodazole-induced loss of MT polymerization disrupts basal body positioning as 

well as GFP-Vangl2 localization and reduces cytosolic Fzd3a-GFP movements. After removal of 

Nocodazole, GFP-Vangl2 planar polarization and Fzd3a-GFP vesicular dynamics recover but 

basal bodies remain unpolarized. Together our findings challenge previous work by revealing an 
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ongoing role for MT-dependent transport of PCP proteins in maintaining both cellular and PCP 

protein asymmetry during development. 

Introduction 

Cellular polarization is a fundamental aspect of development that enables cells to 

organize intracellularly and perform specialized behaviors in response to their cellular context. 

Planar cell polarity (PCP) describes one aspect of cellular polarization and it is best understood 

in epithelial tissues. Epithelia exhibit two types of cellular polarity: apicobasal polarity, which 

defines polarity across the epithelium, and PCP, which is cell polarization in the plane of the 

epithelium and is orthogonal to the apicobasal axis. Coordinated planar polarization in epithelia 

is essential for development of a wide variety of animal tissues, as it allows cells to synchronize 

their growth and behavior to form functional and specialized organs. The components of the 

PCP signaling pathway were originally discovered in Drosophila mutants that displayed 

misoriented and supernumerary actin-based hairs and bristles on the adult wing and legs (Gubb 

and García-Bellido, 1982). A highly conserved signaling pathway, PCP has been implicated in a 

growing number of developmental processes including but not limited to the orientation and 

angle of mammalian skin hair follicles (Devenport and Fuchs, 2008), inner ear sensory hair 

orientation (Etheridge et al., 2008; Montcouquiol et al., 2003), directed migration of neuronal 

cells (Calisto et al., 2005; Davey et al., 2016; Jessen et al., 2002) and collective movements of 

multiple cell types during gastrulation (Heisenberg et al., 2000; Tada and Smith, 2000; 

Wallingford and Harland, 2001) and neural tube closure (Curtin et al., 2003; Wallingford and 
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Harland, 2001; Wang et al., 2006), as well as cilia positioning and directional ciliary beating in 

trachea (Vladar et al., 2012), oviducts (Shi et al., 2014, 2016), and the central nervous system 

(Borovina et al., 2010; Boutin et al., 2014).  

The PCP signaling pathway functions at the protein level to polarize subcellular 

information intracellularly and propagate this information through direct cell-cell interactions, 

which result in locally coordinated tissue polarity (Tree et al., 2002). The classic “core” PCP 

pathway of the fly wing is composed of two membrane-localized protein complexes, the 

distally-localized Frizzled (Fz or Fzd in vertebrates), Dishevelled (Dsh or Dvl in vertebrates), 

Diego (Dg, or Diversin in vertebrates) complex and the proximally localized Van 

Gogh/Strabismus (Vang/Stbm, or Vangl in vertebrates), Prickle (Pk) complex (for review see 

(Goodrich and Strutt, 2011)). Flamingo (Fmi or Celsr in vertebrates), localizes to both proximal 

and distal membranes and is essential for mediating the extracellular interactions between PCP 

signaling complexes. These PCP protein complexes sort into complementary and mutually 

exclusive distributions along the cell cortex, with Fmi-Fz-Dsh-Dgo localizing to distal membranes 

and Fmi-Vang-Pk on proximal membranes (Strutt and Strutt, 2007; Strutt et al., 2002). This 

conserved pattern of asymmetrically localized core PCP protein complexes underlies most 

planar polarized epithelial tissues, and can be visualized by immunostaining or through imaging 

of ectopically-expressed fluorescently-fused PCP proteins (Butler and Wallingford, 2017; Davey 

and Moens, 2017). The intracellular organization of core PCP proteins is dependent on 

“endocytic flux,” where membrane-bound proteins are continuously endocytosed, trafficked 

along MTs, and then either recycled to the membrane or degraded in lysosomes ((Classen et al., 
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2005; Mottola et al., 2010, Strutt and Strutt, 2008) for review see Butler and Wallingford, 

(2017)). Precise control and maintenance of PCP protein distribution may be essential for 

ongoing planar polarized cellular processes including neuronal migration (Davey et al., 2016), 

but the mechanisms by which any cell type maintains PCP asymmetry remain understudied. 

MTs are used throughout development to break symmetry, and arrays of planar 

polarized MTs have been identified in many PCP-polarized tissues (Eaton et al., 1996; Hannus et 

al., 2002; Vladar et al., 2012). In the case of the fly wing, plus ends of subapical MTs bias slightly 

toward distal cell membranes before the onset of PCP protein asymmetry (Matis et al., 2014; 

Olofsson et al., 2014; Shimada et al., 2006). This slight bias in MT orientation biases the kinesin-

based trafficking of vesicles containing Fmi, Fz, and Dsh distally, creating a slight excess of these 

proteins at distal membranes (Harumoto et al., 2010; Olofsson et al., 2014; Shimada et al., 

2006). This initial asymmetric bias is sufficient to enable the mutually attractive and repulsive 

behaviors of core PCP proteins to amplify and maintain PCP protein organization intracellularly, 

as well as to coordinate this asymmetry between cells to generate cohesive tissues (Chen et al., 

2008; Strutt and Strutt, 2008; Wu and Mlodzik, 2008).  

 Multiple recent studies suggest that the role of subapical MT networks in the 

establishment of PCP protein asymmetry is conserved in vertebrates, yet this work also 

suggests that the MT cytoskeleton is later dispensable for the maintenance of PCP protein 

asymmetry (Boutin et al., 2014; Sepich et al., 2011; Shi et al., 2016; Vladar et al., 2012). This is 

surprising, as endocytic flux of membrane-associated proteins is a ubiquitous and ongoing 
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process within living cells, and trafficking of protein-containing vesicles along MTs is expected 

to be an integral part of this process (Butler and Wallingford, 2017). Our ability to visualize the 

in vivo dynamics of PCP and MT fluorescent fusion proteins after cellular PCP has been 

established makes the zebrafish floorplate an ideal model for the study of the complex 

interactions between PCP proteins, the MT cytoskeleton, and control of cellular architecture. 

In this work, we characterize the progressive posterior polarization and subsequent 

maintenance of floorplate polarity and find that this process requires not only Vangl2 but also 

Fzd3a. Using live imaging in the zebrafish floorplate we describe the MT-dependent localization 

and trafficking of Vangl2 and Fzd3a during the period of PCP maintenance. Nocodazole-induced 

loss of MT polymerization disrupts primary cilia basal body (BB) positioning as well as PCP 

protein localization and dynamics, demonstrating for the first time an ongoing requirement for 

MTs in the maintenance of PCP protein localization. Consistent with this, after removal of 

nocodazole PCP protein asymmetry and dynamics are recovered. Interestingly, however, 

cellular asymmetry (detectable in the localization of the basal body) never recovers, indicating 

that although PCP proteins traffic on MTs, a polarized MTOC is non-essential for the re-

establishment of molecular asymmetry (detectable at the level of PCP protein localization). 

Together our findings challenge previous work by revealing an ongoing role for MT-dependent 

transport of PCP proteins in maintaining both cellular and PCP protein asymmetry during 

development. 
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Methods 

Ethics statement 

The Fred Hutchinson Cancer Research Center Institutional Animal Care and Use Committee (IACUC) 

follow the guidelines of the Office of Laboratory Animal Welfare and set its policies according to The 

Guide for the Care and Use of Laboratory Animals. Fred Hutchinson Cancer Research Center maintains 

full accreditation from the Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC) and has letters of assurance on file with OLAW. The IACUC routinely evaluates the Fred 

Hutchinson animal facilities and programs to assure compliance with federal, state, local, and institution 

laws, regulations, and policies. The OLAW Assurance number is D16-00142. 

Zebrafish Lines and maintenance 

Zebrafish (Danio rerio) were raised at the Fred Hutchinson Cancer Research Center, and animal care 

and experiments were approved by the Institutional Animal Care and Use Committee. All animals were 

maintained according to standard procedures (Westerfield, 2000) and staged as previously described 

(Kimmel et al., 1995). All mutant lines used were previously described and are registered at The 

Zebrafish International Resource Center (ZIRC): fzd3arw689 (oltrw689) (Wada et al., 2006), 

and vangl2m209 (trim209) (Jessen et al., 2002).  

Cloning and transgenic line generation 

The following transgenic lines were generated for this study: Tg(shh:Gal4VP16)fh445 (Davey et al., 

2016), Tg(uas:GFP-Vangl2)fh453, Tg(uas:mkate2-Vangl2)fh496, Tg(uas:Fzd3a-GFP)fh497, Tg(uas:Fzd3a-

mEOS)fh499, Tg(uas:EB3-mkate2)fh500, Tg(uas:p50p2a-eGFPCAAX)fh501. Transgenic elements were 

cloned using the Gateway (Life Technologies) system using the gene specific primer sequences listed in 
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Supp. Table 1. Final DNA constructs were assembled in the pDESTpBHR4R3 plasmid (gift from the 

Brockerhoff Lab). Transgenic embryos were generated by Tol2 transposase RNA co-injection with each 

plasmid at the single cell stage (Kawakami et al., 2000).  

Drug treatments 

Nocodazole treatments were done using a modified protocol from McFarland et al., (2017). Briefly, 

nocodazole (Sigma) solutions were prepared fresh in DMSO and diluted in embryo media (Westerfield, 

2000), with final concentrations of 5ng/mL and placed on ice. Embryos were anesthetized and placed in 

60mm polystyrene petri dishes (Fisher Scientific) on ice. Embryo media was removed from embryos and 

replaced with 3mL ice cold nocodazole or DMSO solution for the duration of drug treatment. Embryos 

were removed from ice after treatment and were either fixed immediately or washed at least 4x in 

room-temperature embryo media. Embryo recovery periods occurred in embryo media in a 28°C 

incubator. Importantly, within minutes of removal from ice, treated embryos fully recover from multiple 

hours on ice (data not shown).   

Whole-mount immunohistochemistry 

Anesthetized zebrafish embryos were fixed in 2% trichloroacetic (TCA) acid for 3 hours or 4% 

paraformaldehyde (PFA)/4% sucrose in PBS for 1 hour at room temperature. Fixed tissue was washed in 

PBS + 0.5% TritonX100, brain tissue was dissected and then blocked by standard antibody incubations. 

Following staining, tissue was cleared step-wise in a 25%, 50%, 75% glycerol series and mounted for 

confocal imaging. The following antibodies were used: chicken anti-GFP (1:500, Abcam Cat# ab13970); 

rabbit anti-ZO-1 (1:500, Zymed Cat# 61–7300); mouse anti-Cc2d2a (1:100, (Bachmann-Gagescu et al., 

2011)); rabbit anti-RFP (1:1000, Abcam Cat# ab62341) (cross reacts with mkate2); mouse anti-acetylated 
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tubulin (1:2000, Sigma Aldrich Cat# T6793) and rabbit anti-alpha tyrosinated tubulin (1:500, Millipore 

Cat# ABT171).  

Imaging and data analysis 

Imaging was performed using a Zeiss 700 confocal microscope with a 40x C-Apochromat 1,2 W-Korr UV-

Vis-IR water immersion objective with the Zen 2010 software package. BB Polarity indices were 

determined by dividing the distance between the anterior cell membrane and the position of the BB by 

the distance between the anterior and posterior membranes at the level of the BB. For time-lapse 

imaging, short Z-stack images at 0.50 μm steps were captured every 5 seconds until photobleaching of 

fluorescent proteins hindered image acquisition. Live lateral imaging was limited to floorplate cells in 

the posterior halves of animals as the increased body thickness of the anterior halves of embryos 

obscures imaging of the medially located floorplate. Imaging of fluorescent fusion proteins was 

performed in isolated expressing cells in mosaically expressing embryos generated via plasmid injection 

or in stable transgenic lines that exhibited UAS silencing (Goll et al., 2009). Z-stacks of whole cell 

fluorescence were obtained and analyzed for polarized GFP-Vangl2 or Fzd3a-GFP localization. Anterior 

versus posterior asymmetry of GFP-Vangl2 and Fzd3a-GFP localization was measured by drawing ROIs 

on cell anterior and posterior halves and recording average pixel intensity with the plot profile tool in 

ImageJ (schematic, Fig 2c) (Schneider et al., 2012). Anterior versus posterior membrane enrichment of 

GFP-Vangl2 and Fzd3a-GFP was determined by measuring fluorescence intensities of maximum intensity 

projections using a 1µm wide trace along anterior and posterior membranes in ImageJ (schematic, Fig 

2d). To visualize Fzd3a localization in the context of p50-p2a-eGFPCAAX we photoconverted Fzd3a-

mEOS to red fluorescence. As p2a sequences are cleaved during translation (Kim et al., 2011) we used 

eGFPCAAX localization to determine the position of the primary cilia along the apical membranes of 
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floorplate cells co-expressing both transgenes. Fzd3a-GFP puncta dynamics were tracked and recorded 

using the MTrackJ plugin in ImageJ (Meijering et al., 2012). Movies were corrected for bleaching and 

levels were adjusted in ImageJ. All movies were exported as AVIs at 7 frames/sec. Graphs were 

generated and statistics were computed using GraphPad Prism software. All statistical analyses were 

performed using a 95% confidence interval. Figure images and diagrams were created using Zeiss Zen 

software, ImageJ, Adobe Photoshop CC, and Adobe Illustrator CC. 

Kymographs  

Kymographs of Fzd3a-GFP vesicular trafficking along MT tracks were generated in ImageJ from time-

lapse movies by tracing 1µm wide segmented user-drawn lines along MTs that were then superimposed 

on the corresponding fluorescently labeled PCP protein channel, straightened, and then timepoints 

were combined into montages. Kymograph traces were generated using the multi-kymograph overlay 

ImageJ plugin.  

Rose-plots 

Overall vesicle displacement directionality was determined by measuring the angle between the first 

and last positions of tracked Fzd3a-GFP vesicles. Rose plots were generated using the polarhistogram 

function in MatLab (https://www.mathworks.com/help/matlab/ref/polarhistogram.html). Outer plot numbers 

reflect relative angle of displacement while internal numbers indicate number of vesicles counted that 

were displaced at those relative angles, grouped into 15 degree bins. Apical movement defined as 

displacement between 45 and 135 degrees, anterior defined as 135 to 225 degrees, basal defined as 225 

to 315 degrees, and posterior defined as 315 to 45 degrees.  

https://www.mathworks.com/help/matlab/ref/polarhistogram.html
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Results 

The floorplate is progressively planar polarized in a Vangl2 and Fzd3a-dependent manner 

Previous studies establish that the apically docked BB of the primary cilium is 

asymmetrically localized toward the posterior side of floorplate cells in zebrafish by two days 

post-fertilization (dpf), and that this polarity requires planar cell polarity (PCP) signaling 

(Borovina et al., 2010; Davey et al., 2016; Walsh et al., 2011)(Fig 1a-d). The position of the 

primary cilium can be visualized in vivo through live imaging of floorplate cells expressing 

membrane-localized fluorescent proteins (Fig 1c, Supp Movie 1), and the position of the BB can 

be determined in fixed tissue using a Cc2d2a antibody that localizes to the transition zone of 

the primary cilium, adjacent to the BB (Bachmann-Gagescu et al., 2011)(Fig 1d). To understand 

the timing during which the BB becomes posteriorly localized, we assessed BB localization in 

fixed embryos at various stages of development. As early as the 10-somite stage (ss, equivalent 

to 14 hours post fertilization, hpf), the initial timepoint at which we can identify and image 

floorplate cells in the developing embryo, BBs within floorplate cells have docked at apical 

membranes and are localized towards cell posteriors (polarity index: 0.72, n=125 cells, 12 

embryos, see methods; Fig. 1e). The BB becomes progressively more posteriorly localized from 

the 10ss until 30 hpf, at which point BBs display a polarity index of 0.84 (n=206 cells, 12 

embryos). After this time the position of the BB is maintained through the end of our analysis at 

72hpf (p>0.9999, n=100 cells, 10 embryos) (Fig 1e). We thus define the period between 30 and 

72 hpf as the maintenance phase of floorplate planar polarity.  
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Floorplate planar polarization is critically dependent on the core PCP transmembrane 

protein Vangl2 as has been shown previously (Borovina et al., 2010; Davey et al., 2016), and we 

quantified this requirement using our polarity index measurement (Vangl2 polarity index: 0.47, 

p<0.0001, n=100 cells, 10 embryos) (Fig 1g). We also found that the opposing transmembrane 

core component, Fzd3a, is required for floorplate planar polarization, although less 

dramatically, suggesting a possible redundancy with other Fzd proteins in the floorplate 

(polarity index: 0.67, p=0.0018, n=198 cells, 19 embryos) (Fig 1f-g). Taken together, we find that 

the zebrafish floorplate becomes progressively polarized through a Fzd3a and Vangl2-

dependent mechanism that positions BBs near the posterior apical membrane by 30hpf, and 

that this polarity is maintained at least until 72hpf. 

Vangl2 and Fzd3a localization in the floorplate 

 One of the characteristics of the PCP pathway is that cellular asymmetry, which in the 

floorplate is reflected in the position of the BB, is underlain by molecular asymmetry of the PCP 

core components themselves. To understand how floorplate cellular asymmetry is established 

and maintained, we examined the dynamics of Vangl2 and Fzd3a localization in live zebrafish 

embryos using fluorescent fusion proteins. Use of mosaic expression of fusion proteins to 

visualize PCP protein distributions in vertebrate epithelia enables anterior and posterior 

membranes of irregularly shaped cells to be distinguished from the membranes of adjacent 

non-expressing cells (Davey et al., 2016; Roszko et al., 2009). We previously reported that 

within the floorplate, GFP-Vangl2 (corroborated by Vangl2 immunostaining) and Fzd3a-GFP are 
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planar polarized to the anterior and posterior apical sides of floorplate cells, respectively (Davey 

et al., 2016). In order to quantify the dynamics of this polarization we used Tg(shh:Gal4VP16) 

embryos, which express Gal4 in the floorplate under control of the Ar-B sonic hedgehog (shh) 

enhancer element (Davey et al., 2016; Ertzer et al., 2007)(Fig 1a). We generated 

Tg(shh:GAL4VP16); Tg(uas:GFP-Vangl2); Tg(uas:mAppleCAAX); and Tg(shh:GAL4VP16); 

Tg(uas:Fzd3a-GFP); Tg(uas:mAppleCAAX) embryos that co-express either GFP-Vangl2 or Fzd3a-

GFP along with the membrane marker mAppleCAAX in floorplate cells to visualize PCP protein 

localization (green) relative to the membrane (red) in isolated expressing cells. We found that 

at 48 hpf GFP-Vangl2 is significantly polarized to the anterior half of the cell (p=0.0035, n=54 

cells, 12 embryos) whereas Fzd3a-GFP localizes to the posterior half (p=0.0266, n=59 cells, 25 

embryos), when compared to the non-polarized localization of mAppleCAAX (n=39 cells, 20 

embryos) (Fig 2a-c). This asymmetry is even more dramatic for GFP-Vangl2 when we considered 

1 µm wide areas encompassing the anterior and posterior membranes themselves (mean 

anterior/posterior (A/P) expression ratio of 1.8 (p=0.0154, n=18 cells, 10 embryos compared to 

mAppleCAAX: average ratio of 1.1 (n=29 cells, 13 embryos), Fig 2d, see methods). However, we 

were unable to detect Fzd3a-GFP asymmetry at the posterior membrane. Therefore, the Fzd3a-

GFP asymmetry we observed when measuring the posterior half of the cell (Fig 2c and (Davey 

et al., 2016)) represents an asymmetrically localized cytosolic pool of the protein.  

 To examine the localization of this cytosolic pool of Fzd3a-GFP and to correlate it with 

cellular planar polarity as detected by mAppleCAAX in the motile primary cilium (Fig 1c, Supp 

Movie 1), we imaged the floorplate in live 48hpf Tg(shh:GAL4VP16); Tg(uas:Fzd3a-GFP); 
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Tg(uas:mAppleCAAX) embryos (Fig 2e). Measuring pixel intensity in a 3 µm wide band along the 

apical surface of the cell (Fig 2f, see methods), we found that peak apical Fzd3a-GFP localization 

is highly correlated with the position of the primary cilium at 48hpf (r2=0.79, n=96 cells, 16 

embryos) (Fig. 2f, Supp Movie 2). Previous studies have identified interactions between the BB   

and core PCP components that localize near the BB (Butler and Wallingford, 2015; Hashimoto 

et al., 2010; Park et al., 2008; Vladar et al., 2012; Werner and Mitchell, 2012), suggesting that 

BB could be influencing Fzd3a dynamics within floorplate cells. 

Planar polarized Fzd3a and Vangl2 exhibit different dynamics in the floorplate 

Live imaging also showed that cytosolic Fzd3a-GFP localizes to highly dynamic puncta 

(each puncta defined as a point of local signal intensity ranging from 0.4—0.7um in diameter 

that can be traced across multiple timepoints) that concentrate around the base of the primary 

cilium (Supp Movies 2 & 3). We hypothesized that these puncta were Fzd3a-GFP-containing 

vesicles undergoing MT-based transport during the endocytosis, recycling, and degradation 

processes of ongoing endocytic flux (Strutt et al., 2011). Therefore, we generated 

Tg(shh:GAL4VP16); Tg(uas:mApple-Rab5c); Tg(uas:Fzd3a-GFP) and Tg(shh:GAL4VP16); 

Tg(uas:mAppleRab7); Tg(uas:Fzd3a-GFP) embryos and found that Fzd3a-GFP puncta colocalize 

with both Rab5c- and Rab7-bound vesicles (Supp Movies 4 & 5). As Rab5 is a marker of early 

endosomes and Rab7 is associated with late endosomes destined for lysosomal degradation, 

and both have been found to colocalize with PCP proteins in other contexts, these data are 
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consistent with the model that maintenance of core PCP protein asymmetry requires ongoing 

endocytic flux (Mottola et al., 2010; Strutt and Strutt, 2008; Strutt et al., 2011). 

Given the role of the BB as a cellular microtubule organizing center (Badano et al., 

2005), and given the role that MTs play in the establishment of PCP via directional trafficking of 

PCP proteins including Fzd (Harumoto et al., 2010; Matis et al., 2014; Olofsson et al., 2014; 

Shimada et al., 2006), we examined the organization of MTs in floorplate cells to discover their 

role in floorplate planar polarization. MTs are composed of αβ-tubulin heterodimers that are 

modified post-translationally to influence MT stability and function (Westermann and Weber, 

2003). The subunits of nascent and dynamic MTs are typically tyrosinated, whereas stable MTs 

become de-tyrosinated and acetylated over time (Bulinski and Gundersen, 1991; Westermann 

and Weber, 2003). To identify which MT populations are present within the floorplate at 30 hpf 

we used established antibody protocols ((McFarland et al., 2017), see methods) to visualize 

acetylated and tyrosinated tubulin localization. Confocal imaging confirmed the acetylation of 

primary cilia and revealed a dense cloud of tyrosinated tubulin originating at the base of the 

primary cilium and extending throughout the cytoplasm of floorplate cells (Supp Fig 1a-b). 

These findings are consistent with the BB functioning as the microtubule organizing center 

(MTOC) at this stage of floorplate development, as tyrosinated tubulin is a marker of dynamic 

tubulin populations associated with MT nucleation. 

Visualizing floorplate MTs by immunohistochemistry does not capture their dynamics or 

the dynamics of vesicle trafficking along them. Thus, we expressed EB3-mkate2, which marks 
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MT plus-ends (Stepanova et al., 2003) in the floorplate in Tg(shh:GAL4VP16); Tg(uas:EB3-

mkate2) embryos at 30 hpf (Supp Fig 1b, Supp Movie 6) and 48hpf (Supp Movie 7) and 

observed dynamic EB3 comets spreading throughout the cytoplasm from the posterior apical 

region of most cells. This region corresponds to the location where the BB is most frequently 

observed in floorplate cells, again consistent with the BB acting as the primary MTOC at this 

stage. EB3-mkate2 comets are slowly occluded by the accumulation of EB3-mkate2 along non-

centrosomal bundles of MTs at later time points, enabling clear visualization of MT organization 

in vivo (Supp Fig 1b, Supp Movie 8). GFP-Tubulin also localizes to MTs when expressed in 

floorplate cells but also maintains a diffuse cytosolic population of free GFP-tubulin subunits, 

making it less ideal for visualizing distinct MT networks (Supp Fig 1b).  

We next considered whether the dynamic Fzd3a-GFP-containing vesicles we detected in 

floorplate cells are undergoing MT-based trafficking. By live imaging of Fzd3a-GFP puncta and 

EB3-mkate2 MTs in Tg(shh:GAL4VP16); Tg(uas:EB3-mkate2); Tg(uas:Fzd3a-GFP) embryos we 

determined that dynamic Fzd3a-GFP vesicles are indeed strongly associated with MTs by 48 hpf 

(n=240 vesicles, 89 cells, 9 embryos). Fzd3a-GFP vesicles move bidirectionally along MT tracks 

with frequent periods of stalling and switching between MT tracks at junctions (Supp Movie 9; 

Fig. 3a-b). We sought to characterize the dynamics of the overall vesicular population of Fzd3a-

GFP by tracking individual puncta throughout time lapse movies to determine average Fzd3a-

GFP vesicle velocities, displacement, and directionality. Overall Fzd3a-GFP vesicle movements 

measured at 30, 48, and 60 hpf are biased towards the apical membrane of floorplate cells, 

with 48% of all vesicles tracked (n=240 vesicles, 89 cells, 9 embryos) moving in the apical 
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quadrant between first and last timepoints measured (Fig 3c) (see methods). Normalized 

vesicle displacement was quantified as a measure of perdurance of vesicular motion by dividing 

the distance between the first and last tracked positions of each vesicle by the total time the 

vesicle was tracked. Between 30, 48, and 60hpf, average vesicular displacement does not 

significantly change (p=0.1094, 30hpf compared to 60hpf), with an overall average 

displacement in a one-minute time interval of 2.4µm (Fig 3d). Average vesicle velocity varies 

across timepoints with vesicles moving significantly faster at 30hpf with an average velocity of 

0.09µm/sec (n=66 vesicles, 27 cells, 4 embryos) compared to 0.07µm/sec at 48hpf (p=0.0023, 

n=69 vesicles, 29 cells, 2 embryos) and at 60hpf (p<0.0001, n=102 vesicles, 33 cells, 3 embryos) 

(Fig 3e).  

Whereas much of Fzd3a-GFP localizes in dynamic MT-associated vesicles, GFP-Vangl2 is 

predominantly localized to the anterior apical membrane between 30 and 72hpf. However, in 

rare instances we were able to detect individual dynamic vesicular GFP-Vangl2 in 

Tg(shh:Gal4VP16); Tg(uas-GFP-Vangl2) embryos, suggesting intracellular trafficking of vesicular 

Vangl2, like that of Fzd3a, is ongoing during PCP maintenance within the floorplate (Fig 3h; 

Supp Movie 11). However, the rarity of these vesicles and their susceptibility to photobleaching 

limited our ability to further investigate the dynamics of vesicular GFP-Vangl2 or to correlate 

their localization with MTs. 

Microtubules are required to maintain floorplate PCP 
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The role of MTs in maintaining PCP protein asymmetric localization after its 

establishment, or in re-establishing PCP protein asymmetry after it has been disrupted, is 

controversial (Newman-Smith et al., 2015; Sepich et al., 2011; Shi et al., 2016; Vladar et al., 

2012). The defined maintenance phase of floorplate planar polarity from 30-72 hpf gave us the 

opportunity to assess the role of MTs in polarity maintenance in a monociliated cell in vivo. We 

used a modified nocodazole treatment protocol, in which embryos are exposed to 5ng/ml ice 

cold nocodazole for one hour to inducibly disrupt MTs in live embryos (McFarland et al., 2017). 

This treatment fully disrupts MTs as visualized live in Tg(shh:GAL4VP16); Tg(uas:GFP-Tubulin) 

and Tg(shh:GAL4VP16); Tg(uas:EB3-mkate2) embryos: GFP-Tubulin becomes diffusely 

cytoplasmic (Supp Fig 2a) and EB3-mkate2 contracts to subapical puncta which correspond to 

the position of the remnant BB/MTOC (Fig 4a). In contrast, treating embryos with nocodazole 

at room temperature for 1 hour, even at increased concentrations of 20ng/ml, only partially 

disrupts MTs, while treating embryos on ice for 1hr in the absence of the drug has no effect on 

MTs (Supp Fig 2b). After 1hr cold nocodazole treatment, floorplate BBs become significantly 

unpolarized compared to DMSO treated controls, with an average polarity index of 0.64 

(p=0.0011, n=100 cells, 10 embryos) (Fig 4b-c). Failure to maintain BB polarization could be 

because of loss of PCP protein localization and consequent loss of cellular planar polarization, 

or it may be due to a more direct role for MTs in anchoring the BB to the posterior membrane 

as has been proposed (Vladar et al., 2012). To investigate the role of MTs in the maintenance of 

PCP protein asymmetry, we treated 30hpf Tg(shh:GAL4VP16); Tg(uas:GFP-Vangl2) and 

Tg(shh:GAL4VP16); Tg(uas:Fzd3a-GFP) embryos with cold nocodazole at 30 hpf and examined 
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GFP-Vangl2 and Fzd3a-GFP localization. Fzd3a-GFP vesicles exhibit reduced motility but remain 

associated with the BB after nocodazole treatment, even though the BB itself becomes 

unpolarized within the cell (Fig. 4d,f-h; Supp Fig 4; Supp Movie 12). Importantly, after 1hr of 

treatment, GFP-Vangl2 becomes significantly less polarized to anterior membranes with an A/P 

membrane ratio of 1.2 (p=0.0013, n=166 cells, 21 embryos) compared to an A/P membrane 

ratio of 1.4 in DMSO controls at this stage (n=202 cells, 24 embryos) (Fig 4e, i-j). Thus contrary 

to previous reports (Shi et al., 2016; Vladar et al., 2012), Vangl2 polarization is actively 

maintained in a MT-dependent manner. Notably, a cytosolic population of GFP-Vangl2 that is 

faintly detectable around the BB in control embryos becomes progressively concentrated there 

during nocodazole treatment concurrent with the retraction of MTs (Fig. 4e, k), consistent with 

a MT-dependent Vangl2 trafficking mechanism. Together our results suggest that asymmetric 

distribution of Vangl2 is actively maintained in a MT-dependent manner. 

As nocodazole treatment disrupts MTs throughout the entire embryo, the changes we 

observe in floorplate PCP could be influenced by loss of MTs in other tissues. Therefore, we 

sought a method to disrupt MT-based vesicular trafficking specifically in the floorplate. P50, or 

dynamitin, is a subunit of the motor protein dynein that when overexpressed functions as a 

dominant-negative (DN) for dynein-based minus end-directed trafficking of cargo along MTs 

(Burkhardt et al., 1997; Tsujikawa et al., 2007). We hypothesized that disrupting directed 

trafficking of vesicles along MTs would affect floorplate PCP, since we found that Fzd3a-GFP is 

actively trafficked along MTs (Fig 3a-c). p50 expression significantly disrupts BB localization 

when expressed in the floorplate in Tg(shh:GAL4VP16); Tg(uas:p50p2a-eGFPCAAX) embryos 
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with an average BB polarity index of 0.55 (p<0.0001, n=116 cells, 10 embryos) at 48hpf, 

compared to a BB polarity index of 0.77 in non-expressing cells (n=114 cells, 10 embryos) (Supp 

Fig 3a-b). Importantly, Vangl2 polarization is significantly diminished in the floorplate in 

Tg(shh:GAL4VP16); Tg(uas:p50p2a-eGFPCAAX); Tg(uas:mkate2-Vangl2) expressing cells (A-P 

ratio of 1.4; p=0.0225, n=17 cells, 10 embryos) compared to non-expressing cells (A-P ratio of 

1.6; n=21 cells, 10 embryos) (Supp Fig 3c-d). As with nocodazole treatment, Fzd3a puncta 

remain concentrated near the base of the mislocalized primary cilium in p50-expressing cells in 

Tg(shh:GAL4VP16); Tg(uas:p50p2a-eGFPCAAX); Tg(uas:Fzd3a-mEOSred) embryos, suggesting 

that this population is stably associated with the BB (r2=0.75, n=38 cells, 7 embryos) (Supp Fig 

3e-f). In sum, disrupting directed trafficking in the floorplate disrupts BB polarity and GFP-

Vangl2 asymmetry at the membrane, consistent with a role for MT-dependent transport in the 

maintenance of PCP in the floorplate. It should be noted that in Tg(shh:GAL4VP16); 

Tg(uas:p50p2a-eGFPCAAX) embryos p50 is expressed in floorplate cells before 30hpf, which is 

the start of what we have defined as the maintenance period of floorplate PCP. This early 

expression makes it difficult to rule out the possibility that the disruption of vesicular trafficking 

caused by p50 disrupts the initial establishment of PCP protein asymmetry, rather than its 

maintenance. 

As disruption of MTs or directed trafficking along MTs disrupts GFP-Vangl2 asymmetry 

and primary cilia positioning, and Fzd3a-GFP traffics on centrosomal MTs, we next asked how 

MT loss affects Fzd3a dynamics. We examined the effect of nocodazole treatment on the 

dynamic movements of Fzd3a-GFP vesicles. As before, we treated 30hpf Tg(shh:GAL4VP16); 
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Tg(uas:Fzd3a-GFP); Tg(uas:EB3-mkate2) embryos with ice cold nocodazole for 1 hour and then 

immediately mounted and imaged time lapse movies of Fzd3a-GFP dynamics. Whereas Fzd3a-

GFP vesicles are highly dynamic in control embryos at 30hpf (Supp Fig 4a, e-f), Fzd3a-GFP 

vesicles in nocodazole treated embryos stay relatively stationary over time (Supp Fig 4b, e-f, 

Supp Movie 12). To further characterize Fzd3a-GFP vesicular movements in the absence of MTs 

we tracked individual vesicles as before. Loss of MTs significantly disrupted Fzd3a-GFP vesicle 

dynamics, as Fzd3a-GFP vesicles in nocodazole treated embryos lose their apically biased 

directionality compared to controls (Supp Fig 4c-d). Furthermore, nocodazole treatment 

reduced total Fzd3a-GFP vesicle displacement over time from 1.8µm per minute in controls 

(n=66 vesicles, 27 cells, 4 embryos) to 0.6µm per minute (p=0.0001, n=79 vesicles, 16 cells, 3 

embryos, Supp Fig 4e) and decreases average Fzd3a-GFP velocity from 0.09µm/sec to 

0.07µm/sec (p=0.0043, Supp Fig 4f). In sum, our results further support a model in which Fzd3a 

and Vangl2 actively traffic on MTs during a period of PCP maintenance in the developing 

floorplate, contrary to previous reports (Sepich et al., 2011; Shi et al., 2016; Vladar et al., 2012), 

and that this is essential for the maintenance of asymmetric PCP protein localization as 

visualized by the loss of anterior membrane localization of GFP-Vangl2.    

Maintenance of PCP protein polarity does not depend on a polarized BB 

 The link between BB positioning and PCP signaling is controversial. From our work and 

the work of others, it is clear that PCP signaling plays an essential role in the polarization of the 

BB (Borovina et al., 2010; Carvajal-Gonzalez et al., 2016a; Hashimoto et al., 2010; Song et al., 
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2010; Vladar et al., 2012). However, there are also reports that the BB may also feed back into 

PCP protein asymmetry and function (Boutin et al., 2014; Gerdes et al., 2007; May-Simera et al., 

2010; Ross et al., 2005). To examine the relationship that exists between a polarized BB and the 

maintenance of PCP protein asymmetry we treated 30hpf Tg(shh:GAL4VP16); Tg(uas-GFP-

Vangl2) embryos with cold nocodazole for 1hr to disrupt MTs, BB polarity and GFP-Vangl2 

localization. We then removed the drug and allowed the embryos to recover overnight (O/N). 

After an O/N recovery from nocodazole treatment, EB3-labeled MTs repolymerize throughout 

floorplate cells (Fig 5a). As loss of MTs dramatically disrupts Fzd3a-GFP trafficking we wanted to 

know if Fzd-GFP vesicular dynamics can recover after nocodazole treatment. We treated 30hpf 

Tg(shh:GAL4VP16); Tg(uas-Fzd3a-GFP) embryos with cold nocodazole for 1hr and at 48hpf, 

after an O/N recovery, Fzd3a-GFP vesicles in nocodazole-treated embryos appear similarly 

dynamic overall when compared to controls (Supp Movie 13). However, at 48hpf of recovery, 

when control embryos display a BB polarity index of 0.79 (n=200 cells, 21 embryos), BBs failed 

to repolarize in nocodazole-treated embryos with an average BB polarity index of 0.61 

(p<0.0001, n=203 cells, 19 embryos), which is not significantly different from the polarity index 

immediately after nocodazole treatment (BB polarity index=0.60, p<0.9999, n=212 cells, 18 

embryos, Fig 5b-c). Thus the recovery of a MT network in floorplate cells is insufficient to re-

establish BB polarization.  

Given that the establishment of cellular planar polarity depends on the asymmetric 

localization of PCP complexes, we considered that the failure of BB repolarization after recovery 

from nocodazole might reflect a failure of floorplate cells to re-establish molecular planar 
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polarity as assessed by GFP-Vangl2 membrane localization. Embryos that were treated for 1hr 

with nocodazole and not given time to recover had an average GFP-Vangl2 A/P membrane ratio 

of 1.2 (n=156 cells, 20 embryos), whereas embryos that recovered for 3hrs post treatment 

repolarize GFP-Vangl2 to anterior membranes with an A/P ratio of 1.4 (p=0.0891, n=74 cells, 10 

embryos), and embryos that recovered O/N had a mean A/P ratio of 1.5 (p=0.0004, n=169 cells, 

20 embryos, compared to 1hr treated with no recovery) (Fig 5d-e). Furthermore, the dense 

localization of GFP-Vangl2 near the BB that we detected immediately after nocodazole 

treatment is no longer present after this recovery period (Fig 5d). Thus the failure of the BB to 

re-polarize is not due to a failure to re-establish PCP protein asymmetry. Furthermore, by 

dissociating molecular from cellular PCP in this experiment, we can also conclude that although 

under normal circumstances PCP proteins traffic towards an asymmetrically localized MTOC 

during the PCP maintenance phase of floorplate development, the polarized localization of the 

MTOC is not required for the maintenance of PCP protein localization. 

Discussion 

Our work sought to investigate the role of MTs in the maintenance of PCP protein 

asymmetry and cellular polarity in the floorplate of the developing zebrafish neural tube. Using 

in vivo time-lapse imaging of fluorescently-labeled core PCP proteins and MTs we demonstrated 

an ongoing role for MTs after the establishment of PCP in maintaining the molecular 

polarization of PCP proteins at the membrane, as well as for the maintenance of cellular 

polarity at the level of the primary cilium/BB/MTOC. We characterized the progressive 
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polarization of the BB within floorplate cells and identified two distinct phases of polarity, an 

establishment phase during which the BB is progressively localized toward cell posteriors, and a 

maintenance phase during which BB position is stably maintained. We confirmed that Vangl2 is 

required for BB polarization and further demonstrated that Fzd3a is involved in this process. 

We expressed fluorescently-fused Vangl2 and Fzd3a proteins and determined that GFP-Vangl2 

asymmetrically localizes to anterior membranes whereas Fzd3a-GFP does not detectably 

localize asymmetrically to either anterior or posterior membranes but accumulates near the BB.  

We found that MT loss after PCP establishment disrupts the posterior positioning of the BB of 

the primary cilium as well as the anterior localization of GFP-Vangl2, demonstrating that MTs 

are actively required for the maintenance of these asymmetries. We directly visualized and 

characterized the directional trafficking of cytosolic Fzd3a-GFP along EB3-mkate2 labeled MTs 

within floorplate cells during a period of PCP maintenance and demonstrated that MT loss 

dramatically disrupts the average velocity, perdurance, and apically-oriented directionality of 

Fzd3a-GFP trafficking. We found that cytosolic Fzd3a-GFP maintains its colocalization with the 

BB even when the BB becomes unpolarized, whereas GFP-Vangl2 increases its accumulation 

near the BB in the absence of MTs, which suggests the BB may play an active intermediary role 

in vesicular trafficking of PCP proteins. Finally, as GFP-Vangl2 re-establishes its asymmetric 

localization to anterior membranes in the context of an unpolarized BB, we find that BB polarity 

does not reciprocally influence PCP protein asymmetry in the floor plate. Together our findings 

point to a model in which the maintenance of asymmetric PCP protein patterning depends on 

MT-based vesicular transport of PCP proteins, but does not require a polarized MTOC. 
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PCP Establishment and Maintenance 

 The standard for what defines the transition from PCP establishment  to PCP 

maintenance has relied on the onset of observable subcellular PCP protein asymmetry or planar 

polarized cellular structures including cilia (Shi et al., 2016; Vladar et al., 2012). As the BB is 

stably polarized by 30hpf and GFP-Vangl2 is stably maintained at anterior cell membranes after 

this stage, we defined the 30-72hpf developmental period as a PCP maintenance phase. This 

distinction enabled us to investigate the cell biology of PCP maintenance processes while most 

other studies have solely examined mechanisms of PCP establishment. Although floorplate cells 

are highly planar polarized by 30hpf, the asymmetric localization of GFP-Vangl2 to anterior 

membranes continued to increase until at least 48hpf. This is not surprising, as asymmetric 

distributions of core PCP proteins are known to self-amplify over time in other contexts (see 

Goodrich and Strutt, (2011) for review), and this does not conflict with our model that cellular 

PCP is actively maintained after 30hpf. No matter how one distinguishes between 

establishment and maintenance, our findings indicate that PCP protein dynamics and 

localization is actively regulated multiple days after its initial onset. This maintenance implies 

that there are ongoing roles for PCP protein asymmetry during development, which may have 

disease consequences if disrupted later in life. Thus, the functional consequences of PCP 

disruption at later stages in development may merit further investigation. 

PCP Protein Dynamics and Localization 
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Our work further characterized the asymmetric localizations of GFP-Vangl2 and Fzd3a-

GFP within zebrafish floorplate cells originally described in (Davey et al., 2016), and measured 

the localization and movements of vesicular Fzd3a-GFP throughout the cytoplasm. Our findings 

are consistent with established PCP models in that subcellular asymmetric localization of core 

PCP components underlies most planar polarized systems to date, and Fzd proteins have long 

been known to traffic in vesicles in order to establish planar polarity in fly (Butler and 

Wallingford, 2015; Shimada et al., 2006). The fact that we were unable to detect Fzd3a-GFP 

asymmetry at the membrane is not unexpected, as PCP protein asymmetries, including Fzd 

proteins, can be quite subtle or undetectable in other contexts (Aw et al., 2016; Strutt and 

Strutt, 2007). Furthermore, the colocalization of Fzd3a-GFP with BBs has precedent as multiple 

PCP proteins have been described near BBs, including Vangl2 in mouse kidney epithelia (Ross et 

al., 2005) and Dvl2 as well as the PCP effectors like Fuz, In, and Wdpcp in Xenopus MCCs (Gray 

et al., 2009; Kim et al., 2010; Park et al., 2006; Zeng et al., 2010). Fzd3a could be performing 

multiple roles at the BB as PCP signaling has been implicated in numerous BB-related processes 

including the translational polarity of BBs, the Dvl-dependent apical docking of BBs (Park et al., 

2008) and PCP-dependent coordinated tilting and motility of cilia in multiple systems (Butler 

and Wallingford, 2015; Hashimoto et al., 2010; Vladar et al., 2012; Werner and Mitchell, 2012).  

However, it is possible that vesicular Fzd3a-GFP aggregates to local concentrations of 

MTs, as the BB is a major hub of MT nucleation. Importantly, we observed floorplate cells 

undergoing cell division up until 48hpf (data not shown), suggesting that at least some cells are 

not fully differentiated at earlier timepoints. Given that the BB is a nexus of many MTs within 
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these cells, it is possible that individual Fzd3a-GFP containing vesicles transiently accumulate 

near the BB before they are distributed to individual MTs for directional trafficking towards cell 

membranes. If this is the case one would predict that the BB has an active role in coordinating 

the polarized distribution of PCP components throughout the cell. Indeed, when MTs are 

disrupted we observe that GFP-Vangl2, which normally asymmetrically localizes to anterior 

membranes accumulates near the BB. This could indicate that vesicular Vangl2 normally traffics 

along centrosomal MTs and cannot reach anterior or posterior membranes in the absence of 

centrosomal MT tracks. Our observation that GFP-Vangl2 also becomes less asymmetrically 

distributed on membranes after nocodazole treatment supports the model in which 

maintenance of Vangl2 asymmetry is normally distributed to membranes via directional MT-

based trafficking. Though we only rarely detected GFP-Vangl2 puncta within untreated 

floorplate cells during our analysis, vesicular Vangl2 is also rarely detected in other models (Shi 

et al., 2016), which could indicate that fewer individual Vangl2 proteins are packaged into 

distinct vesicles and endosomes than those that contain Fzd3a. We cannot rule out that these 

differences could be artefactual from the use fluorescently-fused PCP proteins to visualize 

protein dynamics, but our observations support a model in which both Fzd3a and Vangl2 

proteins are actively trafficked along MTs during phases of cellular PCP maintenance. 

Microtubules and Maintenance of PCP Protein Asymmetry 

Our findings conflict with previous studies in multiple vertebrate models that suggested 

MTs are dispensable for maintenance of molecular asymmetry of PCP proteins once cells 
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establish planar polarity (Sepich et al., 2011; Shi et al., 2016; Vladar et al., 2012). However, 

there are important differences between our work and these previous investigations. For 

example, Vladar et al., 2012 examined mouse tracheal epithelia cells (MTECs) and Shi et al. 

2016 studied mouse oviduct, both of which are multiciliated cell (MCC) types. MCCs display 

multiple apically localized motile cilia, the BBs of which are linked through a subapical 

cytoskeletal network composed of MTs and actin. Conversely, cells within the zebrafish 

floorplate are monociliated with single motile primary cilia projecting apically from a single BB, 

which also functions as a MTOC (Borovina et al., 2010)(and our findings). It is possible that 

vesicular PCP signaling proteins engage with the subapical arrays of MTs in MCC contexts 

differently than with MTs emanating from a single MTOC as these structures have unique 

organizations and perform distinct cellular functions. However, another study in the 

monociliated context of zebrafish epidermal and mesodermal cells undergoing CE movements 

also claimed that MTs are largely dispensable for maintenance of the asymmetric distribution 

of PCP proteins (Sepich et al., 2011). This analysis examined PCP protein localization in cells 

undergoing collective migration, a process which requires cells to undergo dynamic membrane, 

adhesion, and cytoskeletal remodeling (Davey and Moens, 2017). It is possible that cells 

undergoing dynamic movements have alternative modes of PCP protein distribution as MTs and 

centrosomes/MTOCs are actively repositioned during cell migration (Euteneur and Schliwa, 

1992; Sepich and Solnica-Krezel, 2016; Sepich et al., 2011). It is also possible, however, that MTs 

were not fully disrupted in these three studies, and thus did not truly test the requirement for 

MTs in the maintenance of PCP protein asymmetry. For example, Shi et al. 2016 noted that 
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their nocodazole treatment failed to completely abolish the subapical lattice of MTs that link 

ciliary BBs, and Vladar et al., 2012 examined primarily unstable tyrosinated tubulin in 

nocodazole-treated MTECs and not more stabilized MT populations. This is important as other 

studies have determined that MCC ciliary BBs are often linked by subapical MT networks that 

stabilize over time (Muroyama and Lechler, 2017; Werner et al., 2011), and nocodazole 

primarily targets more dynamic MTs by binding free tubulin subunits (Baas et al., 2016). Indeed, 

our own early experiments with nocodazole failed to fully disrupt floorplate MTs or PCP protein 

asymmetry, even at elevated concentrations. However, combining nocodazole treatment with 

cold temperatures(McFarland et al., 2017), completely destabilized stable MTs as well as 

dynamic MT populations within the floorplate and disrupted planar polarity. In sum, our study 

challenges the model that MTs are dispensable after PCP protein asymmetry has been 

established by directly visualizing the in vivo consequences that MT destabilization has on 

maintenance of PCP protein distribution and dynamics. 

The Basal Body and PCP 

 The links between PCP signaling and BB positioning are complex and not fully 

understood at a mechanistic level. Though it is well-established that PCP signaling is required 

for the actin-based translational positioning of the BB in many systems (Borovina et al., 2010; 

Carvajal-Gonzalez et al., 2016a; Hashimoto et al., 2010; Vladar et al., 2012), whether the 

asymmetric position of the BB can reciprocally influence the establishment and maintenance of 

PCP protein asymmetry has not been investigated. As nocodazole-induced loss of BB 
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asymmetry occurred simultaneously with a decrease of asymmetric GFP-Vangl2 at the 

membrane, we were curious if BB position could influence PCP protein distribution. Intriguingly, 

we discovered that restoration of MTs after their disruption does not rescue BB posterior 

positioning, but largely restores GFP-Vangl2 asymmetry at the membrane as well as vesicular 

Fzd3a-GFP dynamics. This decoupling of asymmetrically localized BBs from the polarized 

localization of GFP-Vangl2 is strong evidence that BB position does not significantly affect PCP 

protein asymmetry. This is surprising as the BB likely retains at least partial MTOC function and 

we directly observed Fzd3a-GFP localizing near the BB and trafficking along MTs under control 

conditions. The position of the MTOC likely affects the orientation of MTs that nucleate there, 

which could affect the careful balance of directional trafficking of PCP protein-containing 

vesicles to specific membranes. Alternatively, non-centrosomal MTs may be sufficient to enable 

directional trafficking and asymmetric localization of PCP proteins, as many differentiated cell 

types reassign primary MTOC function to non-centrosomal sites (Muroyama and Lechler, 2017) 

and MTs in the zebrafish floorplate appear to stabilize into non-centrosomal bundles at later 

time points. As the functional consequences MTOC reassignment and a changing MT 

organization are poorly characterized in any context, how floorplate cells regulate the 

maintenance of asymmetric MT-based directional trafficking of PCP protein-containing vesicles 

remains to be determined. 
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Figures

 

Figure 1. The Floorplate is progressively planar polarized in a Vangl2 and Fzd3a-
dependent manner. 
(A) Representative image of a 48hpf Tg:(shh:Gal4VP16); Tg(uas:Kaede) zebrafish 
embryo that expresses Kaede in the floorplate of the neural tube and to a lesser 
extent in the notochord and roofplate. (B) Schematic of a cross-section of the 
zebrafish neural tube at 48hpf (not to scale). (C) Single time point from a time lapse of 
a Tg(shh:Gal4VP16); Tg(uas:mApple-CAAX) embryos at 48hpf in which two adjacent 
floorplate cells are expressing membrane-localized mApple-CAAX (green). Posteriorly 
localized primary cilia (arrows) appear as squiggles due to their rapid motion. (D) 
Fixed ventral view of a 48hpf WT floorplate co-immunostained with ZO-1 to mark sub-
apical tight junctions (green) and Cc2d2a to mark BBs (red). (E) Quantitation of per 
embryo polarity index from the 10-12ss through 72hpf. Each dot represents the 
average polarity index of at least 10 cells within a single embryo. Total N=62 embryos, 
1130 cells. *p<0.0001; significance was determined with a Kruskal-Wallis test with 
Dunn’s multiple comparison. (F) Fixed ventral view of a 48hpf fzd3a-/- floorplate 
stained as in D. White dotted line indicates position of cell boundaries, as determined 
by mApple-CAAX fluorescence (C) or ZO-1 staining (D,F), arrows indicate BB positions. 
(G) BB polarity indices of WT, vangl2-/- and fzd3a-/- embryos at 48hpf. Each dot 
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represents the average polarity index of at least 10 cells within a single embryo. Total 
N=54 embryos, 448 cells; **p<0.0001; *p=0.0018; significance was determined with a 
Kruskal-Wallis test with Dunn’s multiple comparison. Anterior is to left in all images. 
Scale bars: 100µm (A) or 5µm (C,D,F). 
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Figure 2. Vangl2 and Fzd3a localization in the floorplate. 
(A-B) Live lateral views of 48hpf (A) Tg(shh:Gal4VP16); Tg(uas:GFP-Vangl2) and (B) 
Tg(shh:Gal4VP16); Tg(uas:Fzd3a-GFP) single expressing floorplate cells. Asterisks 
indicate positions of fusion protein (green) concentration along the apical membrane. 
(C) Schematic: diagram indicating how total fusion protein localization was measured 
on anterior vs. posterior cell halves. Graph: quantitation of anterior vs. posterior 
fusion protein localization in isolated expressing cells. Each dot represents the ratio of 
the mean fluorescence level within a single cell anterior half divided by the mean 
fluorescence level of its posterior half. N=57 embryos, 152 cells; **p=0.0035; 
*p=0.0266; significance was determined with a Kruskal-Wallis test with Dunn’s 
multiple comparison. (D) Schematic: diagram indicating how fusion protein 
localization was measured on anterior vs. posterior membranes. Graph: quantitation 
of anterior vs. posterior fusion protein membrane localization in isolated expressing 
cells. Each dot represents the ratio of the mean fluorescence level along the anterior 
membrane a single cell divided by the mean fluorescence level along its posterior 
membrane. N=39 embryos, 106 cells; *p=0.0154; significance was determined with a 
Kruskal-Wallis test with Dunn’s multiple comparison. (E) Live lateral views of a 48hpf 
Tg(shh:Gal4VP16); Tg(uas:Fzd3a-GFP); Tg(uas:mAppleCAAX) dual transgene 
expressing floorplate cell. Inset: magnified view of the posterior apical cellular 
membrane where Fzd3a-GFP (green, asterisk) is concentrated near the base of the 
primary cilia (red apical extension, arrow). Approximate cell boundaries, as 
determined by mAppleCAAX expression, indicated by white dotted lines. (F) 
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Schematic: diagram indicating how apically localized cytosolic Fzd3a-GFP levels were 
quantified (see methods) Graph: correspondence of Fzd3a-GFP peak localization with 
primary cilium position. Each point corresponds to measurements from a single cell. 
R2=0.79. Anterior to left in all images. Scale bars: 5µm. 
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Figure 3. Fzd3a and Vangl2 trafficking in the floorplate. 
(A) Single timepoints from a time lapse movie of a 60hpf Tg(shh:Gal4VP16); 
Tg(uas:Fzd3a-GFP); Tg(uas:EB3-mkate2) dual transgene expressing floorplate cell in 
lateral view showing EB3-mKate2-labeled MTs (red) and Fzd3a-GFP vesicles (green). 
Arrows track an individual Fzd3a-GFP vesicle as is moves in the apical and posterior 
direction along a MT. (B) inset image: overlays shows measurement path used to 
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generate kymograph. Kymograph: plot showing the apically directed movement of 
a single Fzd3a-GFP vesicle along a MT polymer. (C-E) Fzd3a-GFP vesicular 
movements were tracked during 5-second interval time lapse movies of laterally-
viewed floorplate cells in Tg(shh:Gal4VP16); Tg(uas:Fzd3a-GFP); Tg(uas:EB3-
mkate2) embryos at 30, 48, and 60hpf. N=240 vesicles, 89 cells, 9 embryos. (C) 
Rose plot of final relative displacement angles of individual Fzd3a-GFP containing 
vesicles between first and last measured positions. (D) Quantitation of individual 
Fzd3a-GFP vesicle displacement distances between first and last timepoint 
measured, divided but total tracking time. Significance was determined with a 
Kruskal-Wallis test with Dunn’s multiple comparison. (E) Quantitation of average 
velocities of individual Fzd3a-GFP vesicles. **p<0.0001; *p=0.0023; significance was 
determined with a Kruskal-Wallis test with Dunn’s multiple comparison. (F) Single 
timepoints from a time lapse movie of a 48hpf Tg(shh:Gal4VP16); Tg(uas:GFP-
Vangl2); Tg(uas:EB3-mkate2) dual transgene expressing floorplate cell in lateral 
view. MTs are labeled by EB3-mkate2 (red) and GFP-Vangl2 is shown in green. 
Arrows indicate GFP-Vangl2 anterior apical localization, which does not change 
over time. (G) inset image: overlay showing measurement path used to generate 
kymograph. Kymograph showing the absence of GFP-Vangl2 trafficking along the 
MT polymer. (H) Single timepoints of a Tg(shh:GAL4VP16); Tg(uas:GFP-Vangl2) 
floorplate cell demonstrating a rare example of detectable GFP-Vangl2 cytosolic 
puncta. Anterior to left in all images. Approximate cell boundaries indicated by 
white dotted lines. Scale bars: 5µm. 
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Figure 4. Microtubules are required to maintain floorplate PCP. 
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(A) Live lateral views of expressing floorplate cells in 30hpf untreated and 1hr 
nocodazole Tg(shh:Gal4VP16); Tg(uas:EB3-mkate2). Upon nocodazole treatment EB3-
mkate2 labeled MTs collapse to subapical foci near the BB (see arrows). (B) Ventral 
images of fixed 30hpf WT floorplates coimmunostained for Cc2d2a (red) and Zo-1 
(green) after 1hr of treatment with DMSO (control) or cold 5ng/µl nocodazole. Arrows 
indicate position of BBs as labeled by Cc2d2a. Note that BBs are more centrally 
localized in nocodazole treated floorplate cells. (B) Quantitation of per embryo 
average BB polarity index after 1hr DMSO treatment (control) or 1hr nocodazole 
treatment. N=200 cells, 20 embryos; *p=0.0003; significance was determined with 
Mann-Whitney test. (C) Ventral views of a 30hpf Tg(shh:Gal4VP16); Tg(uas:Fzd3a-
GFP) floorplate cells expressing Fzd3a-GFP coimmunostained for Zo-1 (blue), Cc2d2a 
(red) and GFP (green) after 1hr DMSO treatment (control) or 1hr nocodazole 
treatment. Arrows indicate BB position. (D) Ventral views of GFP-Vangl2 expressing 
floorplate cells in 1hr DMSO and 1hr nocodazole treated 30hpf Tg(shh:Gal4VP16); 
Tg(uas:GFP-Vangl2) embryos. Arrows indicate GFP-Vangl2 localization. White dotted 
lines indicate cell boundaries based on Zo-1. (E) Ventral views of Fzd3a-GFP 
expressing floorplate cells in 1hr DMSO and 1hr nocodazole treated 30hpf 
Tg(shh:Gal4VP16); Tg(uas:Fzd3a-GFP) embryos. Arrows indicate Fzd3a-GFP 
localization. White dotted lines indicate cell boundaries based on Zo-1.(F) Diagram 
illustrating how peak Fzd3a-GFP localization and BB positions were measured. Briefly, 
in fixed ventral images of Fzd3a-GFP expressing floorplate cells in 30hpf 
Tg(shh:Gal4VP16); Tg(uas:Fzd3a-GFP) embryos post 1hr DMSO (G) or 1hr nocodazole 
treatment (H), BB distance from anterior membrane was measured compared to 
overall anterior-posterior cell length. A 3µm wide ROI centered on the position of the 
BB was drawn from anterior to posterior membranes. The “plot profile” tool in ImageJ 
was used to measure average GFP levels across the anterior to posterior cell axis. (G-
H) the location of peak GFP localization at the level of the BB (y-axes) was recorded 
and plotted as percent total cell length from the anterior membrane and compared to 
the measured position of the BB (x-axes). Each data point represents the 
measurements from a single cell. (G) DMSO treatment N=100 cells, 10 embryos; 
r2=0.59. (H) Nocodazole treatment N=100 cells, 10 embryos; r2=0.61. (I) Diagram 
illustrating how anterior and posterior membrane levels of GFP-Vangl2 were 
measured in fixed ventral floorplate images. (J) Quantitation of per embryo average 
GFP-Vangl2 anterior vs. posterior membrane localization ratios in isolated floorplate 
cells expressing Tg(shh:Gal4VP16); Tg(uas:GFP-Vangl2). N=416 cells, 66 embryos; 
**p<0.0001, *p=0.0013; significance was determined with a Kruskal-Wallis test with 
Dunn’s multiple comparison. (K) GFP-Vangl2 association with the BB after nocodazole 
treatment was measured as in (F) and graphed as in (G-H). After 1hr nocodazole 
treatment peak GFP-Vangl2 intensity correlates with the position of the BB N=10 
embryos, 100 cells, r2=0.50. Scale bars: 5µm. 
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Figure 5. Maintenance of PCP protein polarity does not depend on a polarized BB. 
(A) EB3-mkate concentrates to the subapical posterior corners of expressing 
floorplate cells and radiates along cytoplasmic MTs in untreated 48hpf embryos. 1hr 
of cold nocodazole treatment followed by an O/N recovery causes EB3-mkate2 to 
concentrate subapically in cell centers, where it still radiates along centrosomal MTs. 
(B) Ventral images of fixed 48hpf WT floorplates coimmunostained for Cc2d2a (red) 
and Zo-1 (green). Embryos were treated with either DMSO (control) or cold 5ng/µl 
nocodazole for 1hr and then recovered overnight. Arrows indicate position of BBs as 
labeled by Cc2d2a. (C) Quantitation of per embryo average BB polarity index in WT 
embryos that were treated with either DMSO (control) or cold 5ng/µl nocodazole for 
1hr and then either fixed immediately or allowed to recover O/N. N=615 cells, 58 
embryos; **p<0.0001; significance was determined with a Kruskal-Wallis test with 
Dunn’s multiple comparison. (D) Ventral images of fixed GFP-Vangl2 expressing 
floorplate cells in Tg(shh:Gal4VP16); Tg(uas:GFP-Vangl2) embryos that were treated 
with nocodazole for 1hr and then either given 3hrs or an O/N recovery period. Arrows 
indicate Fzd3a-GFP localization at membranes. (E) Quantitation of GFP-Vangl2 
anterior vs. posterior membrane localization ratios after 1hr nocodazole treatment 
followed by different recovery periods. N=236 cells, 29 embryos; *p=0.0004; 
significance was determined with a Kruskal-Wallis test with Dunn’s multiple 
comparison. White dotted lines mark approximate cell boundaries, based on ZO-1 
staining of tight junctions. Scale bars: 5µm. 
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Supplemental Figures 

 

Supplemental Figure 1. The BB serves as the MTOC in floorplate cells 
(A) Fixed ventral views of 30hpf Tg(shh:Gal4VP16); Tg(uas:Fzd3a-GFP) floorplate cells 
coimmunostained for GFP (to visualize floorplate cell boundaries), acetylated tubulin, 
and tyrosinated tubulin. Asterisks indicate the positions of primary cilia as determined 
by acetylated tubulin staining (out of image plane). (B) Live lateral views of expressing 
floorplate cells in 30, 48, and 72hpf Tg(shh:Gal4VP16); Tg(uas:EB3-mkate2) embryos 
and Tg(shh:Gal4VP16) embryos injected UAS:GFP-Tubulin. MTs emanate from 
posterior apical cell corners at 30 and 48hpf, whereas MTs appear to organize into 
non-centrosomal bundles by 72hpf. Anterior to left in all images. Approximate cell 
boundaries indicated by white dotted lines. Scale bars: 5µm. 
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Supplemental Figure 2. Nocodazole disrupts MTs within the floorplate 
(A) Live lateral views of expressing floorplate cells in 30hpf untreated and 1hr 
nocodazole treated Tg(shh:Gal4VP16) embryos injected with UAS-GFP-Tubulin. GFP-
Tubulin becomes diffuse throughout the cytoplasm upon nocodazole treatment (B) 
Live lateral images of expressing floorplate cells in Tg(shh:Gal4VP16); Tg(uas:EB3-
mkate2) embryos. 1hr of treatment on ice has little to no effect on EB3-mkate2 
localization and dynamics whereas 1hr of room temperature 20µg/ml nocodazole 
treatment causes EB3-mkate2 to become more disorganized throughout the cell. 
Anterior to left in all images. Approximate cell boundaries indicated by white dotted 
lines. Scale bars: 5µm. 
 

 



76 
 
 

 

 
Supplemental Figure 3. Disrupting directed MT-based trafficking in the floorplate 
disrupts cellular polarity. 
(A-F) Fixed ventral (A) and live lateral (C, E) views and quantitation (B, D, F) of expressing 
and non-expressing floorplate cells in 48hpf Tg(shh:Gal4VP16); Tg(uas:p50-p2a-eGFPCAAX) 
(A-B), Tg(uas:p50-p2a-eGFPCAAX); Tg(shh:Gal4VP16); Tg(uas:mkate2-Vangl2) (C-D), or 
Tg(shh:Gal4VP16); Tg(uas:p50-p2a-eGFPCAAX); Tg(uas:Fzd3a-mEOS) (E-F) embryos. (A) 
Arrows highlight BB position which is mislocalized to cell centers in cells expressing p50-
p2a-eGFPCAAX. (B) Quantitation of the BB polarity index in p50-p2a-eGFPCAAX expressing 
and non-expressing floorplate cells. N=230 cells, 20 embryos; *p<0.0001; significance was 
determined with a Mann-Whitney test. (C) Live lateral views of dual transgene expressing 
floorplate cell. (D) Quantitation of average anterior vs. posterior membrane mkate2-
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Vangl2 localization ratios (same method as Fig 2D). N=38 cells, 20 embryos; *p=0.0225; 
significance was determined with a Mann-Whitney test. (E) Live lateral views of a dual 
transgene expressing floorplate cell. Inset is a magnified view of the region around the 
primary cilium (arrow) where Fzd3a-mEOS (asterisk) aggregates. (F) Quantitation of 
primary cilia position vs. position of peak Fzd3a-mEOS localization in dual transgene 
expressing floorplate cells (see Fig 2F for method). Note that peak Fzd3a-GFP correlates 
closely with BB position even when the BB is not polarized to posterior membranes. 
R2=0.75; N=37 cells, 7 embryos. Anterior to left in all images. Approximate cell boundaries 
indicated by white dotted lines. Scale bars: 5µm. 
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Supplemental Figure 4. Nocodazole disrupts vesicular Fzd3a-GFP dynamics. 
(A-B) Single timepoints from time lapse movies of an untreated (A) or 1hr nocodazole 
treated (B) floorplate cell in lateral view in a 30hpf Tg(shh:Gal4VP16); Tg(uas:Fzd3a-
GFP); Tg(uas:EB3-mkate2) embryo. Arrows track the position of single Fzd3a-GFP 
(green) vesicles across timepoints. Fzd3a-GFP vesicles travel along MT tracks marked by 
EB3-mkate2 (red) in control embryos (A), whereas Fzd3a-GFP vesicle movements are 
reduced embryos treated with nocodazole for 1hr (B). (C-F) quantitation of Fzd3a vesicle 
movement in control and 1hr nocodazole treated Tg(shh:Gal4VP16); Tg(uas:Fzd3a-GFP); 
Tg(uas:EB3-mkate2) embryos. N=145 vesicles, 43 cells, 7 embryos. (C-D) Rose plots of 
final relative displacement angles of individual Fzd3a-GFP containing vesicles between 
first and last measured positions in untreated control embryos (C) or embryos that were 
treated with nocodazole for 1hr (D). (E) Quantitation of overall Fzd3a-GFP vesicle 
displacement distances between first and last timepoint measured divided but total 
tracking time. *p=0.0001; significance was determined with a Mann-Whitney test. (F) 
Quantitation of average velocities of individual Fzd3a-GFP vesicle between first and last 
timepoint measured. *p=0.0043; significance was determined with a Mann-Whitney 
test. Anterior is to left in all images. Approximate cell boundaries are indicated by white 
dotted lines based Fzd3a membrane localization. Scale bars: 5µm. 
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DNA Element  Primer Sequence 
Shh_F GGT ACC GGC CTG CAT GGC 

Shh_R ACT AGT CTT CAC GGC TCA TCA 
gata2_F TGC AAT AGG CCA AAT CGA CAT TCA 

gata2_R CAA GTG TCC GCG CTT AGA AAA TGC 

Gal4VP16_F ATG AAG CTA CTG TCT TCT ATC GAA   
Gal4VP16_R CTA CAT ATC CAG AGC GCC GTA GGG  
Vangl2_F ATG GAT AAC GAG TCG CAG TAC TCA  
Vangl2_R TCA CAC CGA GGT TTC CGA CTG GAG 
Fzd3a_F ATG GTT CTG CTT TGG GCT CTG 

Fzd3a_R TGC TTT GGT CGC GTC CTC CTC 

GFP_F ATG AGT AAA GGA GAA GAA CTT TTC 
GFP_R GGC TTG TTT GTA TAG TTC ATC CAT GCC 

mKate2_F ATG GTG AGC GAG CTG ATT AAG 

mKate2_R TCT GTG CCC CAG TTT GCT AGG 
p50_F ATG GCC GAC CCG AAG TAC 

p50_p2a_R AGG TCC AGG GTT CTC CTC CAC GTC TCC 
AGC CTG CTT CAG CAG GCT GAA GTT AGT 
AGC TCC GCT TCC GGC CTT GTT GAG TTT CTT 
CAT CCT 

Eb3_F ATG GCC GTC AAT GTG TA 

Eb3_R AGC TAC TCG TCC TGG TC 

mAppleCAAX_F ATG GTG AGC AAG GGC GAG 
mApple_R CTT GTA CAG CTC GTC CATG 

mAppleCAAX_R TCA GGA GAG CAC ACA CTT GCA 

 
Supplemental Table 1. Gene Specific Primer Sequences 
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Supplemental Movie Legends 

Supplemental Movie 1. Floorplate motile primary cilia are labeled by mAppleCAAX. Live 
lateral view of two mAppleCAAX expressing cells at 36hpf. mAppleCAAX labels membranes, 
including those that line motile primary cilia (arrows). Anterior to left, dorsal up. 5 second 
intervals. Scale bar: 5µm 

Supplemental Movie 2. Fzd3a-GFP localizes at the base of floorplate primary cilia. Live lateral 
view of two Fzd3a-GFP and mAppleCAAX expressing cells at 36hpf. mAppleCAAX labels 
membranes, including motile primary cilia (arrows). Cytosolic Fzd3a-GFP localizes near the 
bases of the primary cilia. Anterior to left, dorsal up. 5 second intervals. Scale bar: 5µm 

Supplemental Movie 3. Fzd3a-GFP moves in dynamic puncta. Live lateral view of six Fzd3a-GFP 
expressing cells at 60hpf. Colored arrows highlight individual puncta. Anterior to left, dorsal up. 
5 second intervals. Scale bar: 5µm 

Supplemental Movie 4: Rab5c localizes to Fzd3a-GFP-containing vesicles. Live lateral view of a 
Fzd3a-GFP (green channel) and mApple-Rab5c (red channel) expressing cell at 72hpf. Colored 
arrows in the merged channel highlight individual puncta where Fzd3a-GFP and Rab5c 
colocalize. Anterior to left, dorsal up. 5 second intervals. Scale bar: 5µm 

Supplemental Movie 5: Rab7 localizes to Fzd3a-GFP-containing vesicles. Live lateral view of a 
Fzd3a-GFP (green channel) and mApple-Rab7 (red channel) expressing cell at 72hpf. Colored 
arrows in the merged channel highlight individual puncta where Fzd3a-GFP and Rab7 colocalize 
Anterior to left, dorsal up. 5 second intervals. Scale bar: 5µm 

Supplemental Movie 6. EB3-mkate2 labels dynamic microtubule plus ends in the floorplate at 
30hpf. Live lateral view of two EB3-mkate2 expressing cells at 30hpf. EB3-mkate2 “comets” 
label dynamic microtubule plus ends. Microtubule plus ends emanate from apical posterior cell 
corners near the presumptive BB. Anterior to left, dorsal up. 5 second intervals. Scale bar: 5µm 

Supplemental Movie 7. EB3-mkate2 comets line cytosolic and membrane-associated 
microtubules at 48hpf. Live lateral view of four EB3-mkate2 expressing cells at 48hpf. Anterior 
to left, dorsal up. 5 second intervals. Scale bar: 5µm 

Supplemental Movie 8. EB3-mkate2 lines stable microtubule polymers at 60hpf. Live lateral 
view of five EB3-mkate2 expressing cells at 60hpf. Anterior to left, dorsal up. 5 second intervals. 
Scale bar: 5µm 

Supplemental Movie 9. Fzd3a-GFP traffics along stable microtubules. Live lateral view of two 
Fzd3a-GFP and EB3-mkate2 expressing cells at 60hpf. Colored arrows highlight individual Fzd3a-
GFP-containing vesicles across timepoints. Anterior to left, dorsal up. 5 second intervals. Scale 
bar: 5µm 
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Supplemental Movie 10. Sample Fzd3a-GFP tracking time lapse. Live lateral view of two Fzd3a-
GFP and EB3-mkate2 expressing cells at 60hpf. Fzd3a-GFP vesicle dynamics were recorded by 
tracking individual Fzd3a-GFP puncta over time using the MTrackJ plugin in ImageJ. Anterior to 
left, dorsal up. 5 second intervals. Scale bar: 5µm 

Supplemental Movie 11 - Rare example of dynamic GFP-Vangl2 vesicles. Live lateral view of a 
single GFP-Vangl2 expressing floorplate cell at 48hpf. Arrow indicates position of dynamic GFP-
Vangl2 containing vesicles. Anterior to left, dorsal up 5 second intervals. Scale bar: 5µm 

Supplemental Movie 12. Loss of microtubules disrupts Fzd3a-GFP vesicular trafficking. Live 
lateral view of multiple Fzd3a-GFP and EB3-mkate2 expressing floorplate cells at 30hpf, after 
one hour of cold nocodazole treatment. Nocodazole disrupts microtubules (note diffuse 
mkate2 signal) and disrupts the directional movement of Fzd3a-GFP vesicles (colored arrows). 
Anterior to left, dorsal up. 5 second intervals. Scale bar: 5µm 

Supplemental Movie 13. Fzd3a-GFP trafficking is restored post-nocodazole treatment after 
overnight recovery. Live lateral view of multiple Fzd3a-GFP and EB3-mkate2 expressing cells at 
48hpf. Embryos were treated for one hour with cold nocodazole and allowed to recover 
overnight. Colored arrows highlight individual Fzd3a-GFP-containing vesicles across timepoints. 
Anterior to left, dorsal up. 5 second intervals. Scale bar: 5µm 
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Chapter 3: PCP Signaling between Migrating Neurons and their 

Planar-Polarized Neuroepithelial Environment Controls Filopodial 

Dynamics and Directional Migration 

 

 

 

Note: this manuscript was published in PLOS Genetics in March of 2016 and can be found 
at:http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1005934#sec024

http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1005934#sec024
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Supplemental Figures 

Note: additional supplemental files can be found at: 
http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1005934#sec024 

 
Figure S 1. Fzd3a has a cell-autonomous function in FBMN migration. 
 
 

 
Figure S 2. Post-mitotic FBMNs require PCP signaling for migration. 
 
 

 

http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1005934#sec024
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Figure S 3. PCP-DN expression in the floorplate disrupts planar polarity. 
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Figure S 4. Vangl2 is not required in the mouse floorplate for FBMN migration. 
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Figure S 5. Specificity of the anti-Vangl2 antibody. 

 

 
Figure S 6. Migrating FBMNs display polarized protrusions that fail to polarize in 
Vangl2 mutants.   
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Figure S 7. Donor-derived FBMNs used to quantitate filopodial dynamics are in a 
genetically chimeric environment. 
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Figure S 8. Raw filopodial quantitation data. 
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Figure S 9. The effect of PCP on protrusion dynamics is dependent on the migratory 
environment. 
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Chapter 4: Conclusions and Future Directions 

The Basal Body and PCP 

 The links between PCP signaling and BB positioning are complex and not fully 

understood at a mechanistic level. Though it is well-established that PCP signaling is required 

for the actin-based translational positioning of the BB in many systems (Borovina et al., 2010; 

Carvajal-Gonzalez et al., 2016a; Hashimoto et al., 2010; Vladar et al., 2012), whether the 

asymmetric position of the BB can reciprocally influence the establishment and maintenance of 

PCP protein asymmetry has not been investigated. As we determined in Chapter 2 that 

nocodazole-induced loss of BB asymmetry occurred simultaneously with a decrease of 

asymmetric GFP-Vangl2 at the membrane, we were curious if BB position could influence PCP 

protein distribution. Intriguingly, we discovered that restoration of MTs after their disruption 

does not rescue BB posterior positioning, but largely restores GFP-Vangl2 asymmetry at the 

membrane as well as vesicular Fzd3a-GFP dynamics (Fig 5). This decoupling of asymmetrically 

localized BBs from the polarized localization of GFP-Vangl2 is strong evidence that BB position 

does not significantly affect PCP protein asymmetry. This is surprising, as the BB likely retains at 

least partial MTOC function and we directly observed Fzd3a-GFP localizing near the BB and 

trafficking along MTs. The position of the MTOC must affect the orientation of MTs that 

nucleate there, which could affect the careful balance of directional trafficking of PCP protein-

containing vesicles to specific membranes. Indeed, unpolarized BBs do correlate with 

differences in overall displacement angles and distances of Fzd3a-GFP vesicles, yet appear to 
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have no effect on vesicle velocities (Fig 5). We hypothesize that these changes are due to 

distinct BB positioning between these two conditions as the more centrally-localized BBs of 

nocodazole-treated embryos can extend MTs in both A/P directions (as well as A/B), whereas a 

posteriorly polarized BB is limited to more anterior facing MTs (Fig 5). Alternatively, non-

centrosomal MTs may be sufficient to enable directional trafficking and asymmetric localization 

of PCP proteins, as many differentiated cell types reassign primary MTOC function to non-

centrosomal sites (Muroyama and Lechler, 2017). As the functional consequences MTOC 

reassignment and a changing MT organization are poorly characterized in any context, how 

floorplate cells regulate the maintenance of asymmetric MT-based directional trafficking of PCP 

protein-containing vesicles remains to be determined. 

Vangl2 Asymmetry 

Although the BB is stably positioned to floorplate cell posteriors by 30hpf (Fig 1a), the 

asymmetric localization of GFP-Vangl2 to anterior membranes continues to increase until at 

least 48hpf (Fig 2d versus 3i). This is not surprising, as asymmetric distributions of core PCP 

proteins are known to self-amplify over time in other contexts (see (Goodrich and Strutt, 2011) 

for review), and this does not conflict with our model that cellular PCP is actively maintained 

after 30hpf. As PCP proteins are known to internalize during mitosis (Devenport et al., 2011), 

and we noticed that floorplate cells continue to divide between 30hpf and 48hpf, it is possible 

that some of our 30hpf measurements of GFP-Vangl2 localization occurred in cells prior to their 

final division and differentiation. It would be interesting to assess asymmetric localization of 
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Vangl2 after 48hpf to see if it continues to become more enriched to anterior membranes 

throughout development. Furthermore, though we confirmed that Vangl2 is necessary for 

establishment of BB asymmetry within the floorplate (Borovina et al., 2010), whether Vangl2 

asymmetry is actively required for maintenance of BB asymmetry has not been investigated. 

This could be assessed by developing an inducible technique to disrupt PCP protein asymmetry 

within the floorplate after BB asymmetry has been established, perhaps through inducible PCP-

specific dominant-negatives (DNs) or inducible CRISPR-based gene excision. Additionally, 

though the anterior localization of GFP-Vangl2 is consistent with Vangl2 localizing opposite to 

cilia in other contexts (Antic et al., 2010), it is unclear how well our transgenic tools reflect all 

aspects of endogenous PCP protein behavior. This is a concern because the over- or under-

expression of individual PCP components is known to disrupt the balance and behavior of other 

core PCP proteins in other contexts (Jessen et al., 2002). We could confirm our results through 

the endogenous knock-in (Kimura et al., 2014) of fluorescently fused core PCP genes so that 

PCP gene expression levels could be regulated by endogenous promoters and enhancers. A 

major challenge of this technique is that expression would not be limited to the floorplate, and 

as the floorplate is centrally-located this additional expression would likely obscure its 

visualization. Additionally, endogenous promoters may not express highly enough to visualize 

PCP protein dynamics and localization with our current tools.  

Other groups have used fluorescence recovery after photobleaching (FRAP) analysis to 

examine Vangl2 stability at the membrane and have determined that Vangl2 is most stable 

where it is locally enriched (Shi et al., 2016; Strutt et al., 2011). Each of these studies found that 
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roughly half of fluorescently-fused Vangl2 signal in less-enriched membrane regions recovered 

from photobleaching in a matter of minutes, whereas areas that were locally enriched with 

Vangl2 recovered more slowly. In mouse oviduct cells, only twenty percent of the prebleached 

signal of membrane regions containing highly concentrated fluorescently-fused Vangl2 protein 

recovered from photobleaching over a period of an hour, suggesting that Vangl2 is very stably 

localized at these locations (Shi et al., 2016). Our analysis examined the changes in asymmetric 

accumulations of mEOS-Vangl2 at anterior and posterior membranes three hours after 

photoconversion. Though it is difficult to directly compare these FRAP analyses to our own 

photoconversion experiments, the maintenance of enrichment of mEOS-Vangl2 at the anterior 

membrane may reflect stable fraction of Vangl2 similar to those identified in these previous 

studies. However, it remains to be formally determined if this protein is truly static on the 

membrane or if it is being actively recycled to and from the plasma membrane to maintain its 

asymmetry.  

Though we highlight the accumulation of cytosolic Fzd3a-GFP at the BB, we also 

observed multiple instances where fluorescently-fused Vangl2 aggregated at low levels near the 

BB under control conditions (Fig 3h, 4c). Importantly, nocodazole-induced MT-loss caused 

dramatic enrichment of this population near the BB (Fig 4c). Based on these observations, we 

propose that Vangl2, like Fzd3a, uses a MT-based mode of transportation that becomes 

disrupted in the absence of MTs. However, we have not yet determined if the GFP-Vangl2 that 

aggregates near the BB upon MT-loss is newly synthesized protein that cannot be distributed to 

membranes, or if it represents protein that has been endocytosed from the membrane and is 
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undergoing recycling processes. One way to address this would be to combine photoconversion 

of mEOS-Vangl2 with nocodazole-induced MT loss. In brief, we could photoconvert cells 

expressing mEOS-Vangl2 and then immediately treat embryos with nocodazole to eliminate 

MTs. As in Fig 3h, we could assess mEOSred-Vangl2 and mEOSgreen-Vangl2 localization at the 

membrane and near the BB. If mEOSred-Vangl2 remains polarized at the membrane after 

nocodazole treatment, it would suggest that maintenance of Vangl2 asymmetry does not 

require the MT-based trafficking of vesicles during endocytic flux. Alternatively, if mEOSred-

Vangl2 becomes less enriched at anterior membranes and mEOSgreen-Vangl2 localizes near the 

BB, it would suggest that MTs are used to traffic newly-synthesized Vangl2 from the BB to cell 

membranes to maintain Vangl2 asymmetry.  

When does the BB stop being the primary MTOC? 

 The process of MTOC reassignment is poorly understood in any context and it is unclear 

how the changes in MT organization associated with this reassignment affects ongoing PCP 

processes (Muroyama and Lechler, 2017). As mentioned above, we detected multiple cell 

divisions within the floorplate between 30hpf and 48hpf during our experiments. This timing is 

consistent with how MT organization changes within the floorplate during this developmental 

window. Specifically, MTs radiate out from the presumptive BB at 30hpf and 48hpf (Supp Fig 

2c), which suggests the BB is the primary MTOC during these times, but MTs extend between 

multiple positions along the apical and basal membranes by 72hpf, which is more typical of 

differentiated cell types that have at least partially reassigned MTOC function to other cellular 
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locales (Muroyama and Lechler, 2017; Sanchez and Feldman, 2016). Additionally, the 

positioning of BBs in the floorplate is actively maintained and requires MTs at 30hpf, as 

nocodazole treatment rapidly disrupts BB asymmetry (Fig 4a), much like within mouse 

ependymal cells that rely on posteriorly-localized crescents of tyrosinated tubulin to tether BBs 

to posterior membranes (Vladar et al., 2012). The removal of nocodazole and reestablishment 

of MTs is insufficient to repolarize BBs within the floorplate (Fig 5a-b), yet we observed that 

unpolarized BBs reestablish radial MTs after recovering from MT loss at 48hpf (Fig 5f), which we 

speculate may anchor the BB in its new position within the cell. Though this could suggest that 

BBs need to become asymmetrically localized during a specific developmental time window, 

the radial projection of MT from the BB suggest that it retains at least some MTOC function at 

48hpf. In the future, it would be useful to express a BB marker like a fluorescently-labeled 

centrin in the context of mkate2-EB3 labelled MTs to track how MTs change their association 

with the BB over time, which may help us identify when the BB ceases to be the primary MTOC. 

Additionally, as MTOC reassignment is coincident with γ-tubulin delocalization at the 

centrosome in other contexts (Brodu et al., 2010), we could carry out a γ-tubulin 

immunostaining time course to better determine the timing of this transition in the floorplate. 

Developmental outcomes of PCP maintenance 

 Most research on PCP signaling has focused on the establishment of polarity, as 

developmental defects associated with PCP are largely due to a failure in setting up and 

coordinating cellular asymmetry. Consequently, the requirement for PCP signaling in the 
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maintenance of cell polarity and the functional consequences of its loss after establishment 

remain largely unexplored. We believe that examining the ongoing requirements for PCP 

signaling may elucidate new aspects of how cells use this pathway during development. My 

work presented in Chapter 2 sought to characterize the dynamic requirement for MTs in the 

maintenance of planar polarity, whereas my work presented in Chapter 3 illustrates a potential 

developmental outcome of PCP maintenance in the developing hindbrain. As discussed above, 

FBMNs migrate through the plane of the neuroepithelium adjacent to the floorplate while 

maintaining contact with neuroepithelial progenitors as well as with other migrating neurons 

(Grant and Moens, 2010). Though It is well established that many core PCP and PCP-related 

signaling components are required for the tangential migration of FBMNs, how PCP signaling is 

used and whether PCP protein asymmetry needs to be maintained throughout migration 

remain not well understood. As PCP signaling is known to regulate actin dynamics in many 

contexts, and filopodia are actin-based structures, ongoing regulation of local PCP protein 

distribution within FBMNs is likely required to coordinate FBMN filopodial orientation and 

motility. Indeed, though we were unable to discern a classical polarization pattern of these PCP 

proteins within migrating FBMNs, FBMNs consistently bias filopodial orientation in the direction 

of their migration and we discovered that Vangl2 transiently localizes to filopodial tips where it 

works to destabilize cellular protrusions. We further demonstrated that Fzd3a within FBMNs 

works to stabilize filopodia, indicating that the cell-autonomous coordination of both these PCP 

proteins is likely to be necessary for the regulation of these dynamic structures. We also found 

that Vangl2 and Fzd3a in the FBMN environment have inverse roles on FBMN filopodial 
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stability, with Fzd3a destabilizing filopodia and Vangl2 stabilizing filopodia. As discussed in 

Chapter 3, we propose that these reciprocal relationships between PCP proteins within FBMNs 

and their environment work to precisely control the stability of filopodia, which perform 

signaling and/or adhesion functions during cellular migration. As FBMNs continue to display 

oriented filopodial protrusions throughout the course of their migration, active regulation and 

maintenance of local PCP protein asymmetry within migrating FBMNs and their migratory 

environment is an inherent requirement for this model of migration. Importantly, FBMNs 

initiate migration in r4 of the hindbrain at 18hpf, when the floorplate (Fig 1e) and surrounding 

neuroepithelium (Ciruna et al., 2006) are planar polarized, and move posteriorly into r6 until 

48hpf, when planar polarity is stably maintained within the floorplate (Fig 1e). Though we 

determined that floorplate polarization is not required for FBMN migration, we also 

demonstrated that a WT floorplate in an PCP mutant background is sufficient to restore 

migration to WT FBMNs. This suggests that the presence of a limited number of planar 

polarized cells in the FBMN environment in some cases is sufficient to enable FBMN migration. 

This would also explain how FBMNs are able to migrate through PCP-disrupted r5 

neuroepithelium, as FBMNs remain in contact with normally polarized cells adjacent to r5. 

These observations together with our model suggest that the PCP-dependent migration of 

FBMNs requires an active maintenance and regulation of PCP protein asymmetric localization 

both within FBMNs and their migratory environment. In the future, it would be fascinating to 

develop tools to temporally control PCP protein polarization within FBMNs and their migratory 
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environment to further probe how the maintenance of PCP signaling influences cellular motility 

and migration. 
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