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The vertebrate planar cell polarity (PCP) pathway has been previously found to 

control polarized cell behaviors rather than cell fate. We report here that disruption of 

Xenopus laevis orthologs of the Drosophila melanogaster PCP genes Xint or Xfy 

affected not only PCP-dependent convergent extension but also caused embryonic 

phenotypes consistent with defective Hedgehog signaling. These defects in Hedgehog 

signaling resulted from a broad requirement for Inturned and Fuzzy in ciliogenesis. We 

show that these proteins are necessary for the formation of both primary cilium in the 

neural tube and multi-cilia in the epidermis. 

Also, using Xenopus muco-ciliary epidermis, we demonstrated that one of the 

core PCP genes Dishevelled performs dual functions in ciliogenesis, basal body docking 

and planar polarization of ciliary beating. To this end, we showed that Dishevelled works 

in concert with the PCP effector protein Inturned and Rho GTPase to mediate the docking 

of basal bodies to the apical cell surface. We suggest that this docking involves a Dvl-
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dependent association of basal bodies with vesicles, and with the vesicle-trafficking 

protein Sec8.   

Finally, we showed that independent of their roles in apical docking, Dvl/PCP 

signaling is required again for directional ciliary beating. For the first time, this study 

uncovered the mechanism for controlling the apical docking of basal bodies. Moreover, 

the results suggest that the same Dvl/PCP signaling is also important for the planar 

polarization of ciliary beating in a vertebrate muco-ciliary epithelium. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Planar cell polarity signaling pathway 

Planar cell polarity (PCP) signaling is a non-canonical Wnt signaling system. 

Canonical Wnt signaling transduces the signal to control the stability of -catenin, a 

transcriptional co-regulator (Huang and He, 2008). The stabilized -catenin is re-

localized to the nucleus and interacts with Tcf/Lef transcription factors to activate the 

transcription of target genes (Fig. 1-1). Canonical Wnt signaling involves many gene 

products: Wnt proteins; secreted signaling lipo-proteins, Frizzled; a seven transmembrane 

receptor for Wnt molecules, Dishevelled; a cytosolic multi-functional protein, and the -

catenin destruction complex; APC, Axin, and GSK3-.  

Unlike canonical Wnt signaling, PCP signaling controls the organization of actin 

and microtubule cytoskeleton to set the polarity within the plane of tissue (Fig. 1-1), and 

the pathway was first identified in Drosophila melanogaster (Gubb and Garcia-Bellido, 

1982). In Drosophila, PCP signaling governs the formation of polarized arrays of eye 

omatidium (Wolff and Rubin, 1998; Zheng et al., 1995), bristles (Gubb and Garcia-

Bellido, 1982), and wing hairs (Collier and Gubb, 1997).  

PCP signaling shares some genes with canonical Wnt signaling. Some of them are 

Frizzled (Fz) (Povelones et al., 2005; Wu et al., 2004), Dishevelled (Dvl) (Axelrod et al., 

1998; Rothbacher et al., 2000), and Wnt molecules in vertebrate animals (Heisenberg et 

al., 2000; Moon et al., 1993). There are also PCP specific genes such as Strabismus 

(Stbm) (Jessen et al., 2002; Wolff and Rubin, 1998), Flamingo (Fmi) (Usui et al., 1999), 

Inturned (In) (Adler et al., 1994; Adler et al., 2004), Fuzzy (Fy) (Collier and Gubb, 1997; 

Lee and Adler, 2002), Fritz (Frtz) (Collier et al., 2005), Rho (Habas et al., 2001) and Rac 
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Figure 1-1. Planar cell polarity (PCP) signaling controls cytoskeletal networks to 
establish the polarity within a tissue. 

Canonical Wnt signaling controls the stability of -catenin, and -catenin induces target 
gene expression. However, PCP signaling controls cytoskeletal networks to set the 
polarity within a tissue. 
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 (Habas et al., 2003; Strutt et al., 1997). The core PCP genes such as Fz, Stbm, and Dvl 

are upstream. In, Fy, and Frtz are classified as PCP effectors, and are downstream of the 

core PCP genes. 

 

1.1.1 PCP SIGNALING PATHWAY IN VERTEBRATES 

Convergent extension 

The most well understood function of PCP signaling in vertebrate animals is 

governing convergent extension movements. Convergent extension is a tissue movement 

in which individual cells in a tissue elongate their shape, and intercalate between each 

other mediolaterally, generating a thinner and longer tissue (Wallingford et al., 2002). 

During gastrulation and neurulation, mesodermal and neuroectodermal tissues undergo 

convergent extension movements, and this movement is a main driving force elongating 

the body axis and closing the neural tube. 

The cell biological mechanism of PCP signaling which drive this convergent 

extension in mesodermal tissues has been intensively studied, and can be organized in 

three separate processes. First, individual cells in the plane of tissue elongate their shape 

mediolaterally. The precise molecular machinery or mechanism has not been identified 

yet. However, the core PCP genes such as Frizzled, Dishevelled, and Strabismus are 

known to be necessary for this process (Goto et al., 2005; Goto and Keller, 2002; 

Wallingford et al., 2000). In addition, RhoA and ROK2 (Rho-associated kinase 2), have 

been suggested as downstream effectors for cell elongation (Marlow et al., 2002; Tahinci 

and Symes, 2003). However, ROK2 also seems to have a non-cell-autonomous function 

to align elongated cells mediolaterally along the elongated tissue (Marlow et al., 2002). 
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The author observed that wild type cells transplanted into ROK2 disrupted Zebrafish 

embryos fail to align mediolaterally while elongate normally. 

In addition to cell elongation, individual cells crawl between each other during 

convergent extension. This is a result of stabilizing mediolateral lamellipodial protrusions 

(Wallingford et al., 2000). It has been thought that mediolaterally stabilized lamellipodia 

exert a pulling force between cells (Tahinci and Symes, 2003). Though the polarized 

localization of PCP genes in these cells is not yet clear, the core PCP genes have been 

shown to control this process (Goto et al., 2005; Goto and Keller, 2002; Jessen et al., 

2002; Wallingford et al., 2000). Further, Rho family small GTPases such as RhoA and 

Rac1 seem to be preferentially activated by the core PCP genes, Frizzled and Dishevelled 

(Habas et al., 2003; Habas et al., 2001). Furthermore, Daam1, an actin polymerizing 

enzyme, has been reported to mediate the activation of RhoA downstream of Dishevelled 

(Habas et al., 2003; Habas et al., 2001). Two Rho-specific GEFs, xLfc and WGEF, have 

been also shown to activate Rho GTPase in response to PCP signaling (Kwan and 

Kirschner, 2005; Tanegashima et al., 2008). 

Another process that recently has been shown to be governed by PCP signaling 

during convergent extension is extracellular matrix (ECM) deposition. During convergent 

extension, the fibronectin-rich ECM is enriched at the boundary between axial mesoderm 

and paraxial mesoderm, and also between mesoderm and overlying ectoderm. Disruption 

of Frizzled, Strabismus, or Prickle disorganizes the polarized deposition of the ECM 

(Goto et al., 2005). Interestingly, Prickle-disrupted cells behave normally when grown on 

fibronectin-coated plates, while disruption of other core PCP genes cannot be rescued by 

the same method. Another critical cellular mechanism that involves ECM during 

convergent extension is a focal adhesion. Recently, it has been shown that the formation 

of focal adhesion complex is a target of PCP signaling during convergent extension. The 
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first evidence that focal adhesions could be involved in convergent extension movements 

came from Davidson et al. The authors showed that the depletion of either fibronectin or 

integrin, which are components of focal adhesions, disrupts convergent extension 

movements (Davidson et al., 2006). It seems that the interaction between Fibronectin and 

Integrin is necessary for the formation of bipolar protrusions during convergent 

extension.  Another study suggests that the focal adhesion complexes could be directly 

involved in PCP signaling during convergent extension. Munoz et al. showed that a 

component of focal adhesions, Syndecan-4, directly interacts with Frizzled. In addition, 

Syndecan-4 is sufficient to re-localize Dvl to the plasma membrane (Munoz et al., 2006).  

More interestingly, a recent study showed that PCP signaling controls the dynamics of 

the focal adhesion by affecting the stability of its component Paxillin (Iioka et al., 2007)   

 

 Polarization of stereocilia 

In addition to its role in convergent extension, PCP signaling has also been shown 

to control the polarity of stereocilia in the inner ear in mammals. Hair cells in the inner 

ear develop with a polarized array of actin-based stereocilia on their apical surface (Jones 

and Chen, 2007). Stereocilia are ordered along the long axis of the cochlea structure. The 

polarized localization of the core PCP genes has been observed in this array of hair cells 

similar to that of Drosophila wing cells. Dvl2 localizes to the lateral side of hair cells 

(Wang et al., 2005), while Strabismus and Frizzled localize on the medial side of hair 

cells (Montcouquiol et al., 2006; Wang et al., 2006b).  

In these inner ear hair cells, PCP signaling controls the uniform shape and 

orientation of stereocilia. Stereocilia develop in a “V” shaped manner atop the apical 

membrane of hair cells. The vertices of “V” shaped stereocilium always point toward the 

lateral membrane (Jones and Chen, 2007). Notably, the microtubule-based kinocilium 
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localizes at the vertices of stereocilia and plays a critical role in governing their polarity  

(Jones et al., 2008). 

The mutations of the core PCP genes such as Frizzled, Strabismus, or Dishevelled 

disorient the stereocilia in mouse (Montcouquiol et al., 2003; Montcouquiol et al., 2006; 

Wang et al., 2005; Wang et al., 2006b). The asymmetric localization of the core PCP 

genes in cochlea is interdependent as it is in Drosophila. For example, Strabismus fails to 

localize asymmetrically in the Flamingo mutant (Montcouquiol et al., 2006), and Frizzled 

delocalizes in the Strabismus mutant (Montcouquiol et al., 2006). In addition, Dvl fails to 

localize to the lateral membrane in the Strabismus mutant (Montcouquiol et al., 2003). 

 

1.2 Ciliogenesis 

The cilium is a microtubule-based cellular organelle that projects from the apical 

cell surface, and is involved in various biological functions (Badano et al., 2006; 

Christensen et al., 2007; Satir and Christensen, 2007; Zariwala et al., 2007). In general, 

there are two types of cilia, a primary cilium and multi-cilia. The primary cilium is 

generally immotile and functions mainly in signal-sensing, i.e. photoreception, olfactory 

sensing, and the sensing of morphogen. Primary cilia are found in almost every cell type 

in mammals. Multi-cilia are motile and found only in muco-ciliary epithelium such as 

airway epithelium in mammals. Multi-cilia have not been reported to sense any 

exogenous signal except fluid-flow, and mainly function in generating directional flow 

across the muco-ciliary epithelium by a beating motion. 
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1.2.1 BASAL BODY 

A cilium is composed of a basal body, an axoneme, and ciliary membrane. The 

basal body, thought to be the organizing center of cilia, is a modified centriole which 

acquires several accessory structures during its development (Sorokin, 1962). In primary 

cilia, the basal body is directly developed from one of the two centrioles of a G1 or G0 

stage cell. A recent study suggests that the formation of primary cilium is closely related 

to cell cycle progression (O'Regan et al., 2007; Pugacheva et al., 2007).  

In multi-ciliated cells, basal bodies form de novo deep in the cytoplasm (Sorokin, 

1968). The biological mechanism of basal body formation has not been well studied. 

During early ciliogenesis in multi-ciliated cells, multiple centrioles have been observed 

attached to an electron-dense structure known as the deuterosome (Sorokin, 1968). From 

this finding, it has been suggested that the deuterosome may be involved in the formation 

of multiple centrioles. However, no component of duterosome has yet been identified. 

Furthermore, the mechanism controlling this process has not been yet studied. 

Once multiple centrioles form, they become basal bodies by acquiring accessory 

structures such as the rootlet, the basal foot, transition fibers and the vesicles, while they 

are moving to the apical surface of ciliated cells (Anderson and Brenner, 1971). The 

biological function of the accessory structures has yet to be characterized. Though, 

Rootletin has been identified as a major component of rootlet structure (Yang et al., 

2002).  It has been suggested that the ciliary rootlet is required for the maintenance of 

ciliary structure (Yang et al., 2002). In a follow up study, it was shown that the ciliary 

rootlet interacts with kinesin (Yang and Li, 2005). From this finding, it has been 

suggested that the ciliary rootlet serves as a scaffold for kinesin-driven vesicular cargos. 

Another interesting aspect of ciliary accessories is the asymmetry in location. It has been 

shown that the ciliary rootlet and basal foot always localize at the opposite side of the 
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basal body, and the basal foot points toward the direction of ciliary beating (Boisvieux-

Ulrich and Sandoz, 1991; Mitchell et al., 2007).  

Prior to cilia formation, the basal body must dock with the plasma membrane. 

Again, the mechanism of the docking of basal bodies is not understood well. Previous 

studies, mainly done by transmission electron microscopic (TEM) analysis, have reported 

that vesicle association with the basal body could be critical for the docking event. Basal 

body-associated vesicles have been observed frequently before the basal body docks to 

the plasma membrane (Sorokin, 1962; Sorokin, 1968). Exocytosis-like membrane fusion 

has been suggested as a docking mechanism (Sorokin, 1962; Sorokin, 1968). Indeed, the 

fusion between plasma membrane and basal body-associated vesicles has been observed 

in several reports. In addition, actin filaments seem to be critical for the docking of basal 

bodies (Boisvieux-Ulrich et al., 1990; Lemullois et al., 1988; Sandoz et al., 1988). When 

developing oviducts were treated with an actin-disrupting drug, cytochalasin D, basal 

bodies failed to dock to the apical surface. Instead, basal bodies docked to the intra-

vesicular structure and form an intra-cellular cilia (Boisvieux-Ulrich et al., 1990). 

Although the molecular mechanism for the docking of basal bodies is not clear, 

some key regulators have been identified. First, a transcription factor FoxJ1 has been 

reported as a master regulator of the docking process (Brody et al., 2000; Chen et al., 

1998; Gomperts et al., 2004; Pan et al., 2007). The mammalian airway epithelium in 

FoxJ1 mutants fails to form cilia. Interestingly, basal bodies are well formed but fail to 

dock to the apical surface. However, the target genes of FoxJ1 and the mechanism of its 

function in docking are not well understood.  

Another key player for the docking of basal bodies is RhoA, a small GTPase. Pan 

et al. showed that RhoA mediated actin enrichment at the apical surface of mammalian 

airway epithelium is critical for the docking of basal bodies (Pan et al., 2007).  
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1.2.2 AXONEMES 

After the docking of basal bodies, the ciliary axoneme stems from the underlying 

basal body. The axoneme is a bundle of microtubules forming the core of the main ciliary 

stem. There are two types of general axonemes, 9+2 and 9+0 structures. 9+2 axonemes 

have been found in motile cilia, and contain 9 doublets of microtubules surrounding 2 

core microtubules. In 9+0 axonemes, the central pair of microtubules is missing, and 9+0 

axonemes are generally immotile (Satir and Christensen, 2007). 

The mechanism of ciliary axoneme construction has been intensively studied 

recently. Ciliary axonemes and other components are transferred by highly conserved 

machinery which is called as intraflagella transport (IFT) particle (Rosenbaum and 

Witman, 2002). Since the IFT particle was first observed in the flagella of 

Chlamydomonas (Kozminski et al., 1993), it has been shown that the IFT complex is 

highly conserved in ciliated animals. Also, components of the IFT particle have been 

identified in many organisms such as Chlamydomonas, C. elegans, Zebrafish, Mouse, 

and Humans (Cole et al., 1998; Piperno and Mead, 1997). The IFT particle is composed 

of two sub-complexes, IFT-A and IFT-B (Cole et al., 1998; Piperno and Mead, 1997). 

The IFT-A complex works as an anterograde transporter which moves ciliary building 

materials to the growing tip of cilium. This anterograde transport is mediated by a kinesin 

motor (Cole et al., 1998; Kozminski et al., 1995). The IFT-B complex mediates 

retrograde transport by interacting with dynein motor to recycle the ciliary component 

and IFT complex back to the base of cilia (Pazour et al., 1999; Porter et al., 1999; Tsao 

and Gorovsky, 2008). Recent study provides compelling evidence that the IFT complex 

may also transport key signaling component in addition to the ciliary building blocks 

(Wang et al., 2006a). 
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1.2.3 CILIARY MEMBRANE 

Ciliary membrane is continuous plasma membrane surrounding ciliary axonemes. 

While a cilium forms after the docking of a basal body, ciliary membrane is delivered to 

the region of growth to envelope the axonemes. Previously, several studies reported that 

ciliary membrane generates a specialized compartment. First, in neuronal cells, only 

specific types of G protein–coupled
 
receptors (GPCR) localize to the ciliary membrane. 

These include somatostatin receptor 3 (Sstr3) and serotonin receptor
 
6 (Htr6) (Berbari et 

al., 2008a; Brailov et al., 2000; Schulz et al., 2000). Second, odorant receptors are 

specifically localized to the cilium of olfactory neurons (Ronnett and Moon, 2002). 

More recently, specialized characteristics of ciliary membrane have been revealed 

by an elegant study (Vieira et al., 2006). The authors showed that the basement of ciliary 

membrane is composed of highly ordered lipids revealed by a lipophilic dye Laudan,  and 

that general apical membrane proteins are excluded from ciliary membrane (Vieira et al., 

2006).  

A mechanism for the delivery of ciliary membrane was also suggested in the 

study. A protein molecule shown to be involved in ciliary membrane transport,  FAPP2, 

is a trans-Golgi protein which was thought to regulate vesicle trafficking from the trans-

Golgi network (TGN) to the apical surface (Vieira et al., 2005). However, the knockdown 

of FAPP2 disrupted cilia formation, while not severely affecting the apicobasal polarity 

(Vieira et al., 2006). Knockdown of FAPP2 also caused an accumulation of vesicles at 

the apical cytoplasm, likely due to the failure of the delivery of ciliary membrane.  

Other proteins responsible for the delivery of ciliary membrane are BBS (Bardet-

Biedl syndrome) proteins. Bardet-Biedl syndrome is thought to be caused by abnormal 

cilia function. The symptom includes retinal degeneration, cystic kidney, hearing loss and 
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obesity (Tobin and Beales, 2007). So far, 12 BBS proteins have been identified from the 

study of Bardet-Biedl syndrome. Most BBS proteins have been shown to localize at the 

basal body or cilium, and control the formation of cilia (Blacque et al., 2004; Davis et al., 

2007; Mykytyn et al., 2004; Nachury et al., 2007; Shah et al., 2008). A recent study 

suggested that the unified function of BBS proteins in cilia formation could be the 

transportation of membrane to the growing cilia. At least 7 BBS proteins form a complex, 

BBSome, and this BBSome complex regulates the activity of Rab8 (Nachury et al., 

2007). In turn, Rab8 is a key regulator for the vesicle trafficking to the ciliary membrane. 

Moreover, the disruption of Rab8 function inhibited cilia formation, while causing the 

accumulation of vesicles (Nachury et al., 2007). In addition, BBS proteins have been 

shown to control the transport of GPCR such as melanin-concentrating hormone receptor 

1 (Mchr1) and Sstr3 to the cilia in neuronal cells (Berbari et al., 2008b). 

 

1.2.4 PLANAR POLARIZATION OF MULTI-CILIA 

Another unique feature of multi-ciliated cells is the planar polarization of ciliary 

beating (Boisvieux-Ulrich and Sandoz, 1991; Konig and Hausen, 1993). After the 

docking of basal bodies to the apical surface of multi-ciliated cell, cilia are assembled 

with very weak planar polarization of ciliary beating (Mitchell et al., 2007). However, in 

order to generate directional fluid-flow, hundreds of cilia in a single ciliated cell need to 

be polarized, and the beating motion must be coordinated (Salathe, 2007). This suggests 

that at least two distinct mechanisms are necessary. First, in order to polarize the 

direction of ciliary beating, ciliated cells need to reorient every cilium in the same 

direction. This process is shown to be achieved by a flow-mediated positive-feedback 

mechanism (Mitchell et al., 2007). Next, every cilium must beat at the same time and 

with similar frequency. It has been shown that the viscosity of the medium affects the 
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frequency and motion of ciliary beating (Gheber et al., 1998). Additionally, cAMP and 

cGMP have been shown to control the frequency of ciliary beating (Schmid et al., 2006; 

Schmid et al., 2007; Wyatt et al., 2005). However, the mechanism that coordinates the 

beating of cilia is not well understood. 

 

1.2.5 SIGNALING PROPERTIES OF CILIA 

Cilia are key organelles which are necessary for several cellular processes 

(Fliegauf et al., 2007). They are necessary for photoreception in the photoreceptor cell in 

the eye (Davis et al., 2007; Krock and Perkins, 2008; Liu et al., 2007; Pazour et al., 

2002). Photoreceptor cells are compartmentalized into two segments, an outer segment 

and inner segment. The outer segment contains photoreceptor machinery, and the inner 

segment is the cell body containing most cellular components (Rohlich, 1975). A 

modified primary cilium known as the connecting cilium links those two compartments. 

The components of photoreceptor machinery are delivered to the outer segment by the 

BBS or IFT complex through the connecting cilium (Krock and Perkins, 2008; Nishimura 

et al., 2004; Pazour et al., 2002). 

Primary cilia in kidney epithelium sense fluid-flow. This mechanical sensing is 

mediated by two types of cilia-specific proteins, PKD-1 and PKD-2 (Nauli et al., 2003; 

Nauli and Zhou, 2004). PKD-1 is a transmembrane protein (Hughes et al., 1995), and 

PKD-2 is an ion channel (Cai et al., 1999). It is thought that the mechanical signal from 

the fluid-flow activates the ion channel PKD-2, and Ca
2+

 is internalized to transduce 

signals (Nauli et al., 2003). 

Finally, it has been shown that the primary cilium is a prerequisite for the 

transduction of Hedgehog signaling. Hedgehog signaling is an intracellular signaling 

pathway that regulates gene expression. A signaling molecule Hedgehog is secreted by 
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signaling cells, and the receptor Patched signals through another transmembrane protein 

Smoothened upon binding of Hedgehog molecules. Then, Smoothened blocks the 

cleavage of transcription factors Gli2 and Gli3 which works as transcriptional activators. 

Otherwise, the processed Gli proteins are transcriptional repressors (Huangfu and 

Anderson, 2006). 

The first evidence for this came from a recent study of IFT knockout-mouse. In 

that study, it was observed that several IFT knockout mice displayed classical defective 

Hedgehog signaling phenotypes such as polydactyly and exencephaly (Huangfu et al., 

2003; Liu et al., 2005). Another study revealed that most Hedgehog signaling 

components localize at the primary cilium (Haycraft et al., 2005; May et al., 2005). 

Furthermore, the receptor Patched is excluded from primary cilium upon the addition of 

Sonic hedgehog, while Smoothened moves to the ciliary membrane (Rohatgi et al., 

2007). 

 

1.3 PCP signaling and cilia 

Previous studies have reported genetic interactions between PCP genes and ciliary 

genes. First, Inversin, a basal body protein, has been shown to control the stability of 

Dishevelled, and to interact with Prickle and Vangl2, a vertebrate homologue of Stbm 

(Simons et al., 2005). Inversin is also necessary for convergent extension (Simons et al., 

2005). Another ciliary protein, BBS4 (Bardet-Biedl syndrome 4), also genetically 

interacts with Vangl2 in the planar polarization of stereocilium in inner ear hair cells 

(Ross et al., 2005a). In the same study, Vangl2 was shown to localize at the base of cilia 

in mammalian cells. More recently, a new PCP gene, duboraya/CAPZIP has been shown 

to be involved in both PCP and cilia formation in Zebrafish (Oishi et al., 2006). 
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Interactions between IFT and PCP proteins have also been reported. In the IFT knockout 

mouse, the stereocilium failed to polarize, even though some PCP proteins are normally 

localized (Jones et al., 2008). 

 

1.3.1 PCP, MEMBRANE TRAFFIC, AND CILIOGENESIS 

PCP signaling has diverse functions in different tissues including convergent 

extension during gastrulation and neural tube closure, and planar polarization of hair cells 

in cochlea. Although PCP signaling has been studied intensively for a decade, its 

biochemical nature is still not fully determined. Interestingly, recent studies indicate that 

PCP signaling may control membrane traffic. For example, Dvl has been shown to be 

involved in endo- or exocytosis in different model systems (Bryja et al., 2007; Chen et 

al., 2003; Kishida et al., 2007; Yu et al., 2007). Also, PCP signaling controls polarized 

membrane trafficking during wing cell development in Drosophila (Classen et al., 2005; 

Shimada et al., 2006). Other core PCP genes are also known to be involved in the 

polarized deposition of ECM (Goto et al., 2005). Finally, PCP signaling has been shown 

to re-localize the exocyst complex, which is well-conserved vesicle tethering machinery 

(Classen et al., 2005).  

Even though many genes have been reported to be involved in PCP signal 

transduction, it is still unclear how PCP proteins interact with each other or how the 

signal is transduced through the pathway. Moreover, the PCP effector genes including 

Inturned, Fuzzy and Fritz have never been studied in vertebrates. In order to better 

understand PCP signaling in vertebrates, we proposed to study the function of Inturned or 

Fuzzy in PCP signaling in the Xenopus embryo. In this study, we show that Inturned and 

Fuzzy interact with PCP signaling genes such as Fz and Dvl to set the polarity of axial 

tissue during the convergent extension movements in vertebrates. Interestingly, we also 
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found that Inturned and Fuzzy are necessary for cilia formation, and are thereby 

indispensable for transducing Hedgehog signaling. As another study, we also show that 

Dvl, a core PCP gene, also controls cilia formation by facilitating the docking of basal 

bodies. In multi-ciliated cells, hundreds of basal bodies are formed in the cytoplasm and 

dock to the apical surface. However, the docking mechanism is poorly understood. For 

the first time, this study reveals the mechanism by which basal body docks to the plasma 

membrane. Vesicle trafficking is critical for the docking of basal bodies, and Dvl/PCP 

signaling is central to the vesicle trafficking for cilia formation. Furthermore, this study 

shows that the same Dvl/PCP signaling also controls the planar polarization of ciliary 

beating. 
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CHAPTER 2: CHARACTERIZATION OF VERTEBRATE 

HOMOLOGUES OF DROSOPHILA PCP EFFECTORS, INTURNED 

AND FUZZY 

2.1 Introduction 

 

The functions of the core PCP genes in vertebrates have been studied in many 

different cell types and tissues. The core PCP genes including Fz, Stbm, Pk and Dvl have 

common roles in establishing the polarity in different tissues (Jones and Chen, 2007). For 

example, vertebrate core PCP genes have been shown to control convergent extension 

movements which are central tissue movements governing gastrulation and neurulation. 

PCP effectors have also found and studied in Drosophila. However, no PCP effector 

genes have been studied in vertebrates. Therefore, we reasoned that Inturned or Fuzzy 

could also have significant roles in setting polarity in vertebrates and studied their 

functions during early development of Xenopus embryos. 

In order to study the function of PCP genes during the development of vertebrate 

embryos, we used Xenopus laevis, the African clawed frog, as a model system. X. laevis 

has many advantages for studying developmental biology. First, X. laevis is a vertebrate 

animal, and most developmental processes such as axis formation, neural specification, 

somite formation, neural crest formation and pattering of a central nervous system, are 

well conserved among other vertebrates such as Mouse and Humans. Next, the Xenopus 

embryos develop externally which enables us to watch developmental processes without 

complicated approaches. In addition, X. laevis has long history of embryology and 

molecular biology, which provides alternative ways to access particular developmental 
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mechanisms. Finally, loss-of-function and gain-of-function studies are relatively 

inexpensive and easier than other model animals. 

 

2.2 Results 

2.1.1 THE EXPRESSION PATTERNS OF XINT DURING EMBRYONIC DEVELOPMENT 

As a first step to study the function of unidentified vertebrate PCP genes, we 

attempted to clone the X. laevis orthologue of the D. melanogaster PCP effector Inturned, 

which will hereafter be referred as X. laevis Inturned (Xint). To do this, we searched for 

X. laevis EST clones which are homologous to D. melanogaster Inturned sequence. 

However, no EST clones covering entire Xint genes were available. We then searched the 

X. tropicalis genomic DNA sequence, which has almost identical DNA sequences to X. 

laevis in protein coding regions, to find the genomic contigs covering the Xint gene. 

Based on the X. tropicalis genomic sequence, primers were designed to amplify 5’ and 3’ 

of the Xint transcript using RACE (Rapid Amplification of cDNA Ends) and the 

sequences of cDNA ends were determined. Then, the full cDNA of Xint was amplified 

and sequenced. Xint showed 38% homology to D. melanogaster Inturned, and contains a 

PDZ domain in its N-terminus (Fig. 2-1).  The PDZ domain has been shown to be 

involved in protein-protein interaction in other proteins (Kim and Sheng, 2004). No other 

known domains or motifs were identified in the Xint protein sequence. Also, the human 

orthologue of Xint was identified by blasting the Xint sequence against human cDNA 

database in NCBI (accession number; AB033110). Xenopus and human Inturned 

possesses 73% homologous amino acid sequences (Fig. 2-1).  

Because the expression pattern of genes could suggest their functions in 

embryonic development, whole mount in situ hybridization experiments were performed
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Figure 2-1. Protein sequence alignment of Xint with Human and Drosophila homologues. 

A. Asterisk indicates the splicing site blocked by Xint-MO. Boxed domain is putative 
PDZ domain. 
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using anti-sense probe for Xint. 

In situ hybridization revealed that Xint is expressed in various tissues during 

development (Fig. 2-2). At stage 11, a gastrula embryo expressed Xint in the dorsal 

marginal zone (DMZ) (Fig. 2-2A). The DMZ is a presumptive mesodermal tissue which 

is involuting under the ectodermal tissue during gastrulation. During this process, the 

DMZ undergoes a massive tissue movement known as convergent extension (Keller et 

al., 1985). At stage 16, during the middle of neurulation, Xint is expressed in the dorsal 

tissue which also undergoes dramatic tissue morphogenetic processes, such as convergent 

extension and apical constriction (Haigo et al., 2003; Wallingford and Harland, 2001) 

(Fig. 2-2B). Xint is also highly expressed in the floorplate, a ventral most neural tissue in 

the neural tube (Fig. 2-2B and G-I). At later stages, in situ patterns demonstrated strong 

expression of Xint in facial mesenchyme, otic vesicles, eyes and olfactory placodes (Fig. 

2-2D-I). Initially, both otic vesicles and eyes are developed from thickened ectodermal 

palcodes, and invaginate to form the vesicular structures (Saha et al., 1992). Additionally, 

ectodermal placodes undergo dramatic cell shape changes and tissue morphogenesis 

during development (Schlosser, 2006). This expression pattern of Xint raises a possibility 

that Xint could be involved in tissue morphogenesis in various tissues. 

 

2.1.2 KNOCKDOWN OF X. LAEVIS INTURNED DISRUPTS NEURAL TUBE CLOSURE. 

The expression pattern of Xint during the early development showed that it is 

dynamically regulated in multiple tissues at various stages. In order to further study Xint 

function during development, anti-sense morpholino oligonucleotide (Xint-MO) against 

Xint RNA was designed to block the splicing of Xint RNA (Fig. 2-3A). The DNA 

sequences of the 5’splicng junction was obtained by PCR amplification and sequencing.  

Then, Xint-MO was delivered to the 4 cell stage embryos by micro-injection. 
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Figure 2-2. In situ pattern of Xint during embryonic development. 

A. Vegetal view, in stage 11 embryo, Xint is highly expressed in the DMZ (arrowhead). 
B. Dorsal view, anterior is left. In stage 17 embryo, Xint is highly expressed in midline 
tissue (arrowhead). C. Anterior view, Xint is also highly expressed in anterior neural 
tissue (arrowhead) at stage 17. D. Lateral view, Xint is expressed in facial placodes 
(arrow) at stage 25. E. Anterior view, Xint is expressed in olfactory placodes at stage 25. 
F-I. Serial section of craniofacial region of stage 35embryo from anterior to posterior. 
Xint is highly expressed in floorplate (yellow arrowhead), facial mesenchyme (red 
arrowhead), and eyes (blue arrowhead) 
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 The efficacy of Xint-MO was analyzed by performing RT-PCR analysis. Compared to 

the control experiment, Xint-MO injection markedly reduced the properly spliced Xint 

mRNA, while the unspliced RNA was dramatically accumulated (Fig. 2-3B). However, 

no changes in EF1- expression level were found (fig. 2-3B). This suggests that Xint-

MO effectively blocks the splicing of Xint RNA. 

Previous study on vertebrate core PCP genes demonstrated that defective PCP 

signaling could result in defects in the posterior neural tube which mainly undergoes 

convergent extension (Kibar et al., 2001; Wallingford, 2006). However, the anterior 

neural tube is largely unaffected by the disruption of PCP. As expected, embryos injected 

with Xint-MO ('morphants') developed with opened posterior neural tube closure, while 

control embryos close their neural tubes normally (Fig. 2-3C). This suggests that in 

vertebrates, Xint might be also involved in controlling convergent extension like the core 

PCP genes. Interestingly, however, the Xint morphants displayed more complex 

developmental defects compared to other core PCP mutants. These include widely 

opened anterior neural tube (Fig. 2-3D- E). Also the morphants showed abnormal 

development of cement gland, an anterior ectodermal structure in amphibian embryos 

(Fig. 2-3D-E). Furthermore, those anterior neural tube closure defects and cement gland 

defects were more frequently observed than posterior neural tube defects even in the 

lower dose of Xint-MO injection.  

In some cases, the injection of morpholino can cause developmental delay and 

nonspecific defects. In order to rule out the possibility that the developmental defects in 

Xint morphants results from the non-specific effects of Xint-MO injection, rescue 

experiments were performed. Because Xint-MO blocks the splicing event of Xint RNA, 

the translation of spliced Xint mRNA would not be affected by Xint-MO injection. Then  



 22 

 

Figure 2-3. Knockdown of Xint causes complex neural tube defects. 

A. Xint-MO was designed to block splicing the intron between exon1 and 2. Arrow 
indicate stop codone in unspliced RNA. B. The injection of Xint-MO markedly reduced 
spliced Xint mRNA (800bp), while accumulating unspliced RNA (2.4kb). C. Xint-MO 
was injected dorsally and embryos neural boundary was marked by Pax3 in situ. Asterisk 
indicates widely opened anterior neural tube. Arrow marks opened posterior neural tube. 
D. The phenotypes cause by Xint-MO injection were partially rescued by Xint mRNA 
co-injection or GFP-Xint fusion mRNA (upper panel). Xint-morphants displaying cement 
gland defects were also rescued by co-injection of Xint mRNA (lower panel). E. The 
quantification of rescue experiments. 
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we co-injected the spliced Xint mRNA with Xint-MO, and tested if this would rescue the 

developmental defects caused by Xint-MO injection. 

To do this, two different spliced Xint mRNA were transcribed in vitro, the Xint 

mRNA encoding full-length Xint protein and the mRNA encoding GFP-fusion to Xint 

protein (GFP-Xint). The co-injection of either Xint or GFP-Xint mRNA with Xint-MO 

ameliorated both the anterior neural tube defects and cement gland defect (Fig 3D-E). 

Also, the injection of several other morpholinos against non-related genes did not cause 

the similar phenotypes.  

These data together suggest that Xint is involved in not only convergent extension 

movements but also other developmental processes which are necessary for proper 

closure of anterior neural tube and also for the formation of cement gland. 

 

2.1.3 XINT MORPHANTS DISPLAYS DEFECTIVE HEDGEHOG SIGNALING PHENOTYPES. 

The defects in posterior neural tube closure have been suggested to result from 

defective convergent extension movements, and convergent extension is mainly governed 

by PCP signaling in vertebrate animals (Wallingford et al., 2002; Wallingford and 

Harland, 2001; Wallingford et al., 2000). However, defective cement gland formation and 

widely opened anterior neural tube in the Xint morphants have never been reported to be 

caused by PCP signaling defects. Interestingly, previous study has reported that 

Hedgehog signaling plays a pivotal role in the formation of the cement gland in X. laevis 

embryo (Sive and Bradley, 1996). In mouse and humans, defective Hedgehog signaling 

results in exencephaly, a cephalic disorder developed from anterior neural tube closure 

defects (Huangfu and Anderson, 2005; Huangfu et al., 2003). Therefore, we examined 

the Xint morphants for any known defective Hedgehog signaling phenotypes during 

embryonic development. 
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Figure 2-4. Xint morphants displays severe craniofacial defects. 

A. Control embryo at stage 45. The skin was removed to expose brain morphology. Eyes 
are widely separated and two bran lobes are also separated (yellow arrowheads). B. 
Anterior view of Alcian blue–stained control embryo at stage 48. C. Lateral view of 
Alcian blue–stained control embryo. D. Xint morphant at stage 45; eyes are closely set, 
and the two brain lobes are fused (red arrowhead). E. Anterior view of Alcian blue–
stained Xint morphant embryo. F. Lateral view of Alcian blue–stained Xint morphant. 
Gray circles in C and F mark eyes; ch, ceratohyal cartilage; m, Meckel's cartilage; sr, 
suprarostral cartilage; ir, infrarostral cartilage; trb, trabecula cartilage. 
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The most striking and easily recognizable Xint phenotypes were observed during 

craniofacial development. The Xint morphant consistently developed with very closely- 

set eyes and coloboma, the failure of choroid fissure closure (Fig. 2-4D). In very rare 

cases, cyclopia, one fused eye, was observed in the Xint morphants (data not shown). 

Moreover, in very small number of Xint-MO, we observed fused brain ventricles, which 

is very similar to holoprosencephaly (Fig. 2-4D).  

Interestingly, this broad range of defective eye phenotypes observed in the Xint 

morphants has been reported in other vertebrate animals lacking Hedgehog signaling 

(Chiang et al., 1996). Moreover, holoprosencephaly is a congenital birth defect resulting 

from defective Hedgehog signaling in humans (Hu and Helms, 1999). 

Defective Hedgehog signaling is also known to cause malformation of 

craniofacial cartilage in vertebrate animals (Hu and Helms, 1999; Wada et al., 2005). 

Therefore, we further examined embryonic phenotypes in craniofacial architectures in the 

Xint morphants using alcian blue staining. In Xint morphants, alcian blue staining 

revealed clear differences in craniofacial cartilage structures as compared to control 

embryos. First, the upper jaw (suprarostral cartilage) was significantly narrower and 

shorter in the Xint morphants than controls (Fig. 2-4E and F). The midline of lower jaw 

(infrarostral cartilage) was shorter and bent (Fig. 2-4E and F). In addition, the lateral 

lower jaws (Meckel’s cartilages) were also shorter and disorganized than control embryos 

(Fig. 2-4E and F). Finally, in the Xint morphants, the base of braincase (trabecula) was 

very short or absent in severe cases (Fig. 2-4E and F). All together, these data strongly 

suggest that unlike the core PCP genes, Xint plays an additional role in Hedgehog 

signaling as well as PCP signaling. 
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2.1.4 XINT IS NECESSARY FOR EXPRESSION OF HEDGEHOG TARGET GENES. 

To further explore if Xint phenotypes indeed result from defective Hedgehog 

signaling, we examined the expression of Hedgehog-responsive genes in the Xint 

morphants by performing in situ hybridization against various Hedgehog-responsive 

genes. Hedgehog-target genes in the dorsal midline during neurulation, such as Nkx2.2, 

were significantly downregulated in the Xint morphants (Fig. 2-5A and B), whereas other 

non-Hedgehog target genes, such as Zic3 and Pax3, were not affected (Fig. 2-3C and 2-

5G). Previous study has suggested that Notch signaling is also involved in the pattering 

of dorsal midline in X. laevis. Therefore we examined the expression of Notch-responsive 

gene, Xhrt1 which is expressed in the midline tissue during neurulation. However, no 

significant difference in Xhrt1 expression level was observed in the Xint morphant (data 

not shown). 

Consistent with the defects in craniofacial structure in Xint morphants, expression 

of Hedgehog-responsive genes in the head region was also disrupted in the morphant 

embryos at later stages. For example, craniofacial expression of FoxD1, a hedgehog 

responsive gene which is critical for developing brain and head, was significantly 

reduced compared to control (Fig. 2-5C and D). Also, the expression of Vax1, another 

Hedgehog- target gene in ventral optic vesicles, was markedly reduced in the ventral 

optic vesicle in the Xint morphants (Fig. 2-5E and F).  

As a more direct approach, an animal cap assay was performed to test if Xint is 

necessary for the expression of Hedgehog-responsive genes. The animal cap tissue of X. 

laevis is a naïve epithelium that develops into the epidermal tissue without any 

exogenous signals. Other types of tissue such as neural ectoderm can be induced by 

providing signaling morphogens exogenously. 
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Figure 2-5. Xint is necessary for the expression of Hedgehog target genes. 

A. Dorsal view of Control embryo at stage 12, anterior is up. Hedgehog target gene 
Xnks2.2 is expressed in the midline of neural plate. B. midline expression of Xnkx2.2 is 
lost in Xint morphants. C. Anterior view of, dorsal is up. FoxD1 is expressed in 
craniofacial structure in control embryo at stage 32. D. The facial expression of FosD1 is 
reduced in Xint morphants. E. Vax1 expression in control embryo at stage 32. F. 
Expression of Vax1 is reduced by injection of Xint-MO. G and H. Zic3 expression in a 
control and Xint morphant embryo each. Xint-MO injection does not affect Zic3 
expression.  I. RT-PCR analysis on the animal cap assay. Noggin induced neural marker 
NCAM but not Hedgehog target gens, Vax1 and Gli1. Co-injection of Shh with Noggin 
induces Gli1 and Vax1 expression. Xint-MO co-injection markedly reduces Vax1 and 
Gli1 expression. This suppression is rescued by co-injection of Xint-MO with Xint 
mRNA. 
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To do this, the embryos were injected with Noggin mRNA at the 4 cell stage to 

induce Hedgehog-responsive neural tissues. Then, the animal cap tissues were dissected 

from the injected embryos at stage 8, and cultured until neurulation stage. Using RT-

PCR, the expression level of general neural marker NCAM was examined in the explants. 

Compared to the NCAM expression, indicative of neural tissue, Hedgehog-responsive 

genes such as Vax1 or Gli1 were not expressed in Noggin injected animal cap tissues 

(Fig. 2-5I). As expected, co-injection of Sonic hedgehog (Shh) mRNA with Noggin 

dramatically increased the expression level of Hedgehog target genes such as Vax1 and 

Gli1 (Fig. 2-5I). Hedgehog alone did not activate the expression of either Vax1 or Gli1 in 

the animal cap tissue (data not shown). It seems that the animal cap tissue is not fully 

competent to respond to Hedgehog signal. 

Consistent with the in situ data, however, knockdown of Xint expression by Xint-

MO injection markedly reduced the expression level of Vax1 and Gli1, but neither 

NCAM nor EF1-α expression were affected. Furthermore, the co-injection of Xint 

mRNA almost completely rescued the expression of both Gli1 and Vax1 (Fig. 2-5I).  

Together, both in situ and animal cap assay strongly suggest that Xint is necessary 

for Hedgehog signal transduction in developing X. laevis embryos. 

 

2.1.5. X. LAEVIS FUZZY FUNCTIONS IN A SIMILAR MANNER TO XINT. 

In Drosophila, Inturned is grouped together with other two PCP genes, Fuzzy 

(Fy) and Fritz (Frtz), as PCP effectors which work downstream of the core PCP genes 

such as Frizzled, Strabismus, and Dishevelled (Adler et al., 1994; Adler et al., 2004; 

Collier et al., 2005; Lee and Adler, 2002). We previously found that X. laevis orthologue 

of Fuzzy (Xfy) is expressed in almost identical tissues, in which Xint is expressed. 

Therefore, we examined if the phenotypes of Xfy knockdown are also similar to those of 
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Figure 2-6. Xfy morphants displays similar phenotypes to Xint morphants. 

A. Xfy-MO was designed to block splicing of Xfy mRNA. The injection of Xfy-MO 
interfered with splicing of Xfy mRNA. B. Dorsal injection of Xfy-MO phenocopied Xint-
morphants. C. Xfy morphants displayed severe craniofacial defects similar to those of 
Xint morphants. D. Xfy morphants also displayed reduced expression of Hedgehog target 
gene, Vax1. 
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 Xint knockdown. To do this, we designed a splicing blocking morpholino (Xfy-MO) 

against Xfy. Again, the efficacy of Xfy-MO was examined by RT- PCR analysis. The 

injection of Xfy-MO efficiently blocked proper splicing of Xfy RNA while accumulating 

unspliced Xfy RNA (Fig. 2-6A). 

Xfy morphants displayed almost identical phenotypes to those of Xint morphant. 

The Xfy morphants developed with defective anterior neural tube closure and cement 

gland formation along with posterior neural tube defects (Fig. 2-6B).  

We also observed severely malformed craniofacial structures (Fig. 2-6C). Furthermore, 

the expression level of Hedgehog-responsive gene, Vax1, was greatly reduced in the Xfy 

morphants (Fig. 2-6D). The specificity of Xint phenotypes were further confirmed by 

injecting two different translation-blocking morpholinos targeting 5’ UTR of Xfy mRNA. 

The injection of any one or both of translation blocking morpholinos resulted in almost 

identical phenotypes to those of the splice-blocking Xfy-MO (data not shown).  

All together, these data suggest that Xfy and Xint could have similar roles during 

embryonic development in vertebrate as they have shown to be in the same pathway in 

Drosophila. However, their functions in vertebrate development have been adapted to 

control Hedgehog signaling, unlike other core PCP genes.  

 

2.1.6 XINT AND XFY ARE INVOLVED IN CONVERGENT EXTENSION MOVEMENTS. 

In Drosophila, PCP genes are necessary for planar polarization of individual cells 

within a plane of various epithelial tissues. In vertebrates, PCP genes control polarized 

movement of individual cells within a plane of tissues. One of the most well-studied 

tissue movement controlled by PCP genes is convergent extension. During convergent 

extension movements, cells within a tissue elongate their shapes mediolaterally and crawl 

between each other generating a thinner and longer tissue (Wallingford et al., 2002).  
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Figure 2-7. Knockdown of Xint of Xfy caused convergent extension defects. 

A. Neuro-epithelium was visualized by Sox3 in situ to measure the LWR of neural plate. 
Xint morphant neurula displayed wider and shorter neural plate than control. B. The 
quantification of LWR of control, Xint and Xfy morphants. Xint and Xfy morphant 
embryos have significant lower LWR. C. The alcian blue stained Meckel’s cartilages 
from control (left panel) and Xint morphants (right panel). Xint-MO injection disrupted 
convergent extension of the cartilage cells. 
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Convergent extension movements are the main tissue movements responsible for 

the posterior neural tube closure. Given the consistent posterior neural tube defects in 

Xint or Xfy morphants, it is possible that Xint and Xfy are also involved in PCP signaling 

transduction in vertebrate animal. Therefore, the function of Xint and Xfy were examined 

on convergent extension movements. 

As mentioned before, the first evidence suggesting Xint and Xfy functions on 

convergent extension is the delayed of posterior neural tube closure compared to controls 

(Fig. 2-3C and 2-6B). In order to analyze this phenotype more quantitatively, we 

measured the length to width ratio (LWR) of neural plate in Xint and Xfy morphants. 

Indeed, the LWR of Xint and Xfy morphants were significantly lower than control 

embryos implicating defective convergent extension movements (Fig. 2-7A and B). 

The cell intercalations and shape changes were also analyzed directly to further 

confirm defective convergent extension in Xint morphant.  Previously, Meckel’s cartilage 

has been shown to undergo convergent extension as a tissue elongation mechanism 

(Topczewski et al., 2001). In Xint morphant, alcian blue staining showed that Meckel’s 

cartilages were consistently shorter than control embryos (Fig. 2-7C). In control embryo, 

the cartilage cells were elongated perpendicular to the long axis of cartilage and aligned 

along the long axis implying well-organized cell intercalation. In Xint morphant, 

however, the cartilage cells were more round-shaped, and failed to align along the long 

axis. The cartilage was three to four cell width in Xint morphants while it is one or two 

cell width in control (Fig. 2-7C).  

These data raise a possibility that though Xint and Xfy are adapted to control 

Hedgehog signaling, their function on PCP signaling in controlling convergent extension 

is still conserved in vertebrate animals.  
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2.1.7 XINT AND XFY FUNCTIONALLY INTERACT WITH OTHER PCP GENES. 

Though convergent extension defects in Xint or Xfy morphants were weaker than 

other core PCP phenotypes, these were observed consistently. The defective cell 

intercalation and elongation in Meckel’s cartilage suggested that Xint and Xfy have 

retained PCP signaling function through evolutionary time. Therefore, we next tested 

whether Xint and Xfy could functionally interact with other PCP genes to control 

convergent extension. 

In Drosophila, Inturned and Fuzzy work in downstream of the core PCP genes 

such as Frizzled and Dishevelled, and exacerbate the phenotypes caused by weak mutant 

alleles of the core PCP genes (Lee and Adler, 2002). We reasoned that co-injection of 

either Xint-MO or Xfy-MO with the dominant-negative mutant of the core PCP genes 

could worsen convergent extension defects phenotype. Indeed, the mild convergent 

extension defects caused by low-dose injection of Xdd1, a dominant negative fragment of 

Dishevelled, were markedly worsened by co-injection of Xint-MO or Xfy-MO (Fig. 2-

8B). We also observed similar interactions with a dominant-negative Frizzled8 (Fig. 2-

8C).  

Together, these data indicate that in addition to their function in Hedgehog 

signaling transduction, Xint and Xfy functions in convergent extension in concert with 

other PCP genes in vertebrates, as they do in D. melanogaster. 

 

2.1.8 XINT AND XFY ARE NECESSARY FOR CILIA FORMATION IN FLOORPLATE 

CELLS. 

Although the data strongly suggest that Xint and Xfy are involved in both PCP 

and Hedgehog signaling transduction in vertebrates, no mechanism that could explain  
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Figure 2-8. Xint and Xfy interact with the core PCP genes. 

A. The representative embryos displaying normal, mild, and severe convergent extension 
defects. B. Low dose of dominant negative Dvl mutant, Xdd1 was co-injected with either 
Xint-MO or Xfy-MO. This co-injection markedly worsened the embryonic phenotypes. 
C. The dominant negative Frizzled, nXfz8 was co-injected with either Xint-MO or Xfy-
MO. Likewise Xdd1, co-injection of Xint-MO or Xfy-MO increased the number of 
severely affected embryos. 
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this outcome has been reported previously. This leads us to seek an underlying 

mechanism by which Xint and Xfy could influence both PCP and Hedgehog signaling. 

 Recent genetic studies in the mouse have shown that several IFT (Intra-Flagella 

Transport) proteins, which mainly affect ciliogenesis, are necessary for both PCP and 

Hedgehog signaling (Huangfu et al., 2003; Liu et al., 2005). Additionally, previous study 

done by our collaborator, Saori Heigo, showed that Xfy is strongly expressed in ciliated-

epidermal cell population in X. tropicalis embryos, and we observed that Xint is also 

expressed in epidermal tissue (data not shown). Therefore, we examined the possibility 

that Xint and Xfy are required for cilia formation.  

Hedgehog signaling in developing neural tube mainly affects the specification of 

the ventral cell population known as floorplate (Park et al., 2000), so we examined cilia 

on the apical surfaces of the floorplate in Xint or Xfy morphants. To this end, the 

embryos were cross sectioned through the posterior neural tube and stained using anti-

acetylated α-tubulin to visualize cilia (Fig. 2-9A). Many large cilia projecting from the 

apical surface of floorplate were observed in control embryos (Fig. 2-9B). Compared to 

control, very few or no cilia were observed in Xint morphant (Fig. 2-9C). Similar results 

were observed in Xfy morphants (data not show). It is also notable that Xint and Xfy are 

highly expressed in floorplate tissue in developing neural tube. This expression pattern is 

tightly correlated with large cilia in floorplate cells. Dorsal neural tube displays 

significantly shorter cilia compared to floorplate cilia (data not shown). These phenotypes 

in Xint or Xfy morphants and the expression patterns suggest that Xint and Xfy are 

necessary for cilia formation in Hedgehog-responsive cells. 

Cilia are essential organelles for hedgehog signal transduction, but none of the 

Hedgehog signaling components has been implicated in cilia formation. This suggests 

that Xint and Xfy may not be the components of Hedgehog signaling pathway. Instead, 



 36 

 

Figure 2-9. Xint and Xfy are necessary for cilia formation in floorplate cells. 

A. Schematic figure showing the sectioning plane. B. Large cilium in the apical surface 
of floorplate cells was observed in control (left panel). The injection of Xint-MO 
eliminated cilium in floorplate. C. In situ pattern showing the enriched expression of Xint 
in floorplate. 



 37 

 Xint and Xfy are more likely to be necessary for cilia formation, and knockdown of Xint 

or Xfy affects Hedgehog signaling as a secondary consequence of defective cilia 

formation of maintenance.  

 

2.1.9 XINT AND XFY CONTROL MULTI-CILIA FORMATION IN THE X. LAEVIS 

EPIDERMIS. 

In general, there are two types of cilia with a few exceptions, non-motile mono 

cilium, also known as primary cilium, and motile multi-cilia. The primary cilium is 

mainly involved in signal-sensing, while multi-cilia generate fluid-flow over the 

epithelial tissue by polarized beating motions (Satir and Christensen, 2007). Because Xfy 

is highly expressed in multi-ciliated cell population, we next examined the possibility that 

Xint and Xfy also affect multi-cilia formation. 

The epidermis of Xenopus embryos at stage 25-35 is composed of multi-ciliated 

cells and non-ciliated, mucus secreting cells (Fig. 2-10A and B). The multi-cilia atop of 

ciliated cells are motile, and a single ciliated cell has more than one hundred cilia. 

Because the epidermal tissue is easy to access, and ciliary phenotypes could be analyzed 

more conveniently, further study on cilia formation was performed using ciliated 

epidermis of the tadpole.  

In order to analyze the structure of multi-ciliated cells, we injected mGFP mRNA 

to visualize the cell boundary, and ciliary axonemes were stained using α-tubulin 

antibody. In control embryos, dozens of cilia were observed on the apical surface of 

epidermal cells. Most cilia are evenly distributed along the entire apical surface and are 

taller than 20 m (Fig. 2-11A and B). In Xint morphants, however, fewer cilia were 

formed on the apical surface and also cilia were significantly shorter than control cilia 

(Fig. 2-11B).  
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Figure 2-10. The epidermis of Xenopus tadpole is composed of ciliated cells and mucus-
secreting cells. 

A. The epidermis of tadpole embryo is covered with ciliated cells and non-ciliated mucus 
secreting cells. Ciliary structure was visualized by tubulin staining. Also, the mucus 
secreting vesicle was marked by mGFP expression. B. Scanning electron microscopic 
(SEM) image of muco-ciliary epidermis of X. laevis embryo. A ciliated cell is marked by 
arrow and magnified in right pane. All SEM images were taken by Philip B. Abitua. 
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Figure 2-11. Xint controls multi-cilia formation in the X. laevis epidermis. 

A. Depth coding of ciliated cells in control (left panel) and Xint morphant (right panel). 
Xint morphants cells showed fewer and shorter cilia that control. B. X-Z projection of 
ciliated cells in control (upper panel) and Xint morphant (bottom panel). Cilia are 
significantly shorter and malformed compared to control. 
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Similar phenotypes were observed in Xfy morphants (Fig. 2-12A). Ciliary defects in both 

neural tube and epidermal cilia in Xint or Xfy morphants suggest that Xint and Xfy are 

broadly required for general cilia formation.  

 

2.1.10 XINT AND XFY CONTROL ACTIN AND MICROTUBULE ORGANIZATION DURING 

CILIOGENESIS. 

We next assessed the cell biological mechanism by which Xint and Xfy control 

cilia formation. PCP signaling has been suggested to control the dynamics of actin and 

microtubule cytoskeleton during convergent extension movements (Habas et al., 2003; 

Habas et al., 2001), and actin and microtubules are also critical for cilia formation 

(Boisvieux-Ulrich et al., 1990; Sandoz et al., 1988). This suggests that Xint and Xfy 

possibly control actin or microtubule organization for both convergent extension and cilia 

formation.  

In order to assess the cellular architecture of actin and microtubules in multi-

ciliated epidermal cells, embryos were double-stained by using phalloidin and -tubulin 

antibody for actin filaments and microtubules respectively. In control cells, thick tufts of 

cilia as marked by -tubulin signal were observed on top of the apical surface (Fig. 2-

12A and B). Dense actin filaments decorated the entire apical surface of ciliated cells as 

compared to non-ciliated mucus secreting cells (Fig. 2-12B). As compared to controls, 

striking differences were observed in Xint morphants. First, the dense actin arrays on the 

apical surface were almost absent in ciliated cells while cortical actin filaments at the cell 

boundary were not severely affected (Fig. 2-12B). Next, even though most of 

microtubules failed to project into ciliary axonemes, significant amount of dense 

microtubule webs were present parallel or below the apical surface. This indicates that 

the  
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Figure 2-12. Xint and Xfy are necessary for organization of actin and microtubule during 
ciliogenesis. 

A. Cross-sectional view of control (left panel), Xint morphant (middle panel), and Xfy 
morphant (right panel) ciliated cells. Disruption of either Xint of Xfy disrupted 
microtubule organization and actin accumulation. B. Face-on view of apical surface of 
ciliated cells indicated by white bracket on panel A. Disruption of either Xint or Xfy 
resulted in the accumulation of microtubule at the apical cytoplasm. Also, apical actin 
accumulation was eliminated in the morphants. 



 42 

amount of microtubules were not significantly affected, but the organization is mainly 

disrupted (Fig. 2-12A and B). 

Together, our data suggest that Xint and Xfy control ciliogenesis by governing the 

organization of the apical actin and microtubule cytoskeleton in ciliated cells, while not 

affecting the level or polymerization of tubulin. 

 

2.1.11 INTURNED AND DISHEVELLED ARE ENRICHED APICALLY IN CILIATED CELLS. 

In Drosophila, Xint and Xfy have been shown to be involved in PCP signaling in 

limited processes such as the polarization of wing hairs and bristles, while the core PCP 

genes, Frizzled, Strabismus, and Dishevelled are more broadly required for PCP signaling 

such as the polarization of omatidium in the eye in addition to wing hair and bristle 

formation (Collier et al., 2005; Lee and Adler, 2002). Therefore, we next tested whether 

Xint and Xfy control cilia formation through PCP-related functions or through other non-

PCP-related functions. 

During wing cell development in Drosophila, some PCP genes localize 

asymmetrically and the asymmetrical localization is necessary for the polarization of the 

wing hair (Mlodzik, 2002; Strutt et al., 2002). Therefore, we examined the subcellular 

localization of Xint and Dishevelled in ciliated cells. To this end, we used GFP fusion to 

Xint, Xint-GFP. Xint-GFP rescued Xint-MO phenotypes when co-injected with Xint-MO 

(Fig. 2-3E). This demonstrates that Xint-GFP is properly functioning. Then, a low dose 

of Xint-GFP mRNA was injected and the subcellular localization was observed by 

confocal microscopy. Xint-GFP was broadly localized and enriched at the apical surface 

of ciliated cell as compared to non-ciliated cells (Fig. 2-13A). Consistent with the 

Drosophila data, Xint-GFP localized at the cell membrane in non-ciliated cells (Fig. 2-

13A). 
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Figure 2-13. Xint and Dvl are highly enriched at the apical surface of multi-ciliated 
epidermal cells. 

A. Xint-GFP is enriched apically in ciliated cells compared to non-ciliated cells. White 
arrowheads indicate ciliated cell enriched with Xint-GFP. B. Dvl-GFP is also enriched 
apically as puncta in ciliated cells. Yellow arrowheads indicate Dvl-GFP enriched ciliated 
cells. 
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Next, the localization of Dishevelled-GFP (Dvl-GFP) was examined. Dvl-GFP 

also displayed similar localization patters to Xint-GFP. We observed enriched Dvl-GFP 

at the apical surface of ciliated cells but not in neighboring non-ciliated cells (Fig. 2-

13B).  

These data suggest that Xint might regulate cilia formation through its PCP 

related-function. It also suggests that Dishevelled may be involved in the ciliogenesis. 
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2.2 DISCUSSION 

PCP signaling performs pivotal roles during early development of vertebrate 

embryos. Although it was first identified in Drosophila, PCP signaling is one of the most 

highly conserved signaling pathways among vertebrates. The most conserved role of PCP 

signaling is to govern convergent extension, morphogenetic movements that generates 

thinner and longer tissue in various tissues in vertebrates (Goto et al., 2005; Goto and 

Keller, 2002; Wallingford et al., 2002; Wallingford and Harland, 2001; Wallingford et 

al., 2000). During convergent extension, PCP signaling controls two major cellular 

events. First, it is necessary for the elongation of cell shape perpendicularly to the long 

axis of elongating tissues. Second, PCP signaling controls the intercalation of individual 

cells between each other perpendicular to the long axis by stabilizing adhesive 

protrusions at the ends of the long axis. Many vertebrate homologues of Drosophila PCP 

genes have been shown to control convergent extension. These include Frizzled, 

Dishevelled, Strabismus and Prickle. However, the unified cell biological mechanism 

underlying PCP signaling has not been clearly established, and some homologues of 

Drosophila PCP genes have not yet been studied in vertebrates. 

In this study, we first identified vertebrate homologues of Drosophila PCP genes, 

Inturned and Fuzzy. Furthermore, this study demonstrated a novel function of PCP genes 

on cilia formation. 

 

2.2.1 PCP EFFECTORS INTURNED AND FUZZY ARE NECESSARY FOR CONVERGENT 

EXTENSION MOVEMENTS IN VERTEBRATES. 

This study first demonstrated the function of Inturned and Fuzzy during 

embryonic development in vertebrate animals. As other PCP genes controlling 
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convergent extension, Inturned and Fuzzy control convergent extension during 

gastrulation and neurulation (Fig. 2-7 and 2-8). In situ data show that both Inturned and 

Fuzzy are expressed in the dorsal marginal zone which is undergoing convergent 

extension movements (Fig. 2-2). Knockdown of either Inturned or Fuzzy expression by 

morpholino injection causes delayed neural tube closure in its posterior region suggesting 

defective convergent extension movements (Fig. 2-3). Direct evidence came from the 

defective elongation of Meckel’s cartilage tissues. Compared to control tissue, 

knockdown of Inturned expression severely disrupted cell elongation and also 

intercalation along the mediolateral axis (Fig. 2-7). Furthermore, co-injection of Xint-MO 

with either dominant negative Frizzled or Dishevelled severely worsened convergent 

extension (Fig. 2-8). This suggests that Inturned and Fuzzy work in concert with other 

PCP genes such as Frizzled and Dishevelled. 

 

2.2.2 INTURNED AND FUZZY AFFECT HEDGEHOG SIGNALING SECONDARILY BY 

GOVERNING CILIOGENESIS. 

In this study, we report an unexpected function of Inturned and Fuzzy. Unlike 

their Drosophila homologues, the loss-of-function phenotypes of Inturned or Fuzzy are 

similar to those of phenotypes observed in embryos with defective Hedgehog signaling. 

Xint or Xfy morphants consistently displayed the defective midline structures such as 

closely set eyes, the fusion of the two brain ventricles, and shortened midline craniofacial 

cartilages (Fig. 2-4, 2-5 and 2-6). These phenotypes have been observed in other 

vertebrate animals lacking Hedgehog signaling (Chiang et al., 1996; Haycraft et al., 2005; 

Hu and Helms, 1999; Huangfu and Anderson, 2005; Huangfu et al., 2003; Liu et al., 

2005; Park et al., 2000; Sive and Bradley, 1996; Wada et al., 2005). We have shown that 

the expression levels of Hedgehog target genes such as Nkx2.2, FoxD1, and Vax1 were 
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markedly reduced in Xint or Xfy morphants. Furthermore, in an animal cap assay, the 

knockdown of Xint specifically reduced the expression of Hedgehog target genes.  

Even though Inturned and Fuzzy are required for the transduction of Hedgehog 

signaling, this study suggests that Inturned and Fuzzy indirectly affect Hedgehog 

signaling by controlling cilia formation (Fig. 2-11 and 2-12).. However, this hypothesis 

raises the question as to why these phenotypes have never been reported in Drosophila. 

One possibility is that, in Drosophila, cilia are not necessary for the transduction of 

Hedgehog signaling. In addition, Inturned and Fuzzy have never been studied in 

vertebrates which require cilia for the transduction of Hedgehog signaling. 

 

2.2.3 INTURNED AND FUZZY ARE BROADLY REQUIRED FOR CILIA FORMATION. 

In the Xint morphants, two different types of cilia were malformed, the mono 

cilium in the neural tube and the multi-cilia in muco-ciliary epithelium (Fig. 2-9, 2-11, 

and 2-12). Mono-cilium in the neural tube has been implicated in sensing Hedgehog 

signal (Huangfu and Anderson, 2006; Huangfu et al., 2003), but multi-cilia functions 

mainly to generate fluid-flow by the beating motion (Satir and Christensen, 2007). This 

suggests that Inturned and Fuzzy could be broadly involved in cilia formation in other 

tissues or cell types.  

In the Xint or Xfy morphants we observed that ciliary microtubules were 

accumulated in the apical cytoplasm rather than organized into ciliary axonemes (Fig. 2-

12). In many cases, basal bodies are not efficiently docked to the apical surface (Fig. 2-

17D). These phenotypes could be explained by the loss of actin accumulation at the 

apical surface.  

Previously, it has been reported that actin filaments are necessary for the docking 

of basal bodies in multi-ciliated cells (Boisvieux-Ulrich et al., 1990). However, at this 
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moment it is not clear how exactly actin filaments influence the docking process. A 

possible explanation would be that actin filaments are essential for the fusion of basal 

body associated vesicles to the plasma membrane. It is also possible that the exocyst 

complex tethers vesicles to the basal body and further triggers actin assembly at the 

docking point or vesicles for the fusion (Yu and Bement, 2007). Indeed, both actin 

filaments and the exocyst complex have been implicated in the exocytosis processes in 

many studies (He et al., 2007a; He et al., 2007b; Zuo et al., 2006). This idea is also 

consistent with previous finding that Exo70, a component of the exocyst complex, 

interacts with the Arp2/3 complex, an actin polymerization complex, and is necessary for 

the polymerization of actin filaments at the cell protrusions (Zuo et al., 2006).  

Given that Inturned and Fuzzy function in cilia formation by their PCP-like 

function, it would be interesting future study to examine how vesicle trafficking 

machineries are regulated in the convergent extension. Furthermore, it would be 

intriguing to study if PCP signaling also controls vesicle trafficking for convergent 

extension movements in vertebrates. 
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3. CHARACTERIZATION OF DISHEVELLED FUNCTION ON 

CILIOGENESIS 

3.1 Introduction 

In mammals, the muco-ciliary epithelium is composed of mucus-secreting cells 

and multi-ciliated cells. Multi-ciliated cells generate directional flow which can 

continuously remove the mucus secreted by neighboring mucus-secreting cells. Using 

this coordinated process, the muco-ciliary epithelium provides the first line of defense 

mechanism against harmful pathogens.  For this reason, defects in ciliary function are 

commonly associated with airway disease such as asthma and infection (Chilvers and 

O'Callaghan, 2000). Though the muco-ciliary epithelium plays a critical role in our body, 

the developmental mechanism of the tissue has just begun to be studied (Gomperts et al., 

2004; Pan et al., 2007; Schmid et al., 2006; Vladar and Stearns, 2007).  

In multi-ciliated cells, basal bodies are replicated deep in the cytoplasm, and dock 

to the apical surface to make multi-cilia. This docking process has been thought to be 

controlled by actin filaments and vesicle trafficking (Boisvieux-Ulrich et al., 1990; Dawe 

et al., 2007; Sorokin, 1962; Sorokin, 1968). Indeed, we observed dense actin 

accumulation at the apical surface of multi-ciliated cell previously in this study. 

Another critical characteristic of multi-ciliated cells is the polarity of ciliary 

beating (Boisvieux-Ulrich and Sandoz, 1991; Konig and Hausen, 1993). Initially, cilia 

are born with weak polarity (Mitchell et al., 2007). Then, the polarity is further 

strengthened by a flow-mediated positive-feedback mechanism (Mitchell et al., 2007). 

However the molecular player for the positive-feedback mechanism has not been 

identified. PCP signaling has been shown to control to set the polarity within different 
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types of tissues. Then it is possible that PCP signaling could also control the polarity of 

ciliary beating. 

Previously, the PCP proteins Inversin and Vangl2 have been observed near the 

base of cilia (Ross et al., 2005; Simons et al., 2005), we observed that Xint and Xfy are 

involved in ciliogenesis (Fig. 2-11 and 2-12). Furthermore, a core PCP gene Dishevelled 

is highly enriched at the apical surface of ciliated cells (Fig. 2-13). These data lead us to 

study the function of Dishevelled in cilia formation. To this end, we took an advantage of 

muco-ciliary epithelium of Xenopus embryos.  

 

3.2 Results 

3.2.1 DISHEVELLED GENES ARE REQUIRED FOR MULTI-CILIA FORMATION. 

Because Dvl-GFP specifically localizes at the apical surface of ciliated cells, we 

assessed the function of Dvl in cilia formation. Like in mammals, three homologues of 

Dvl have been identified in Xenopus and all three genes are expressed in the muco-ciliary 

epidermis (unpublished data, Grey et al. 2008).  In order to investigate whether Dvl is 

involved in cilia formation, we used anti-sense morpholinos to block translation of each 

gene, Dvl1, Dvl2 and Dvl3. The efficacy and specificity of the morpholinos were 

confirmed by in vitro translation of Dvl1, Dvl2 and Dvl3. Also we further examined the 

endogenous level of Dlv2 and Dvl3 after the MOs injection using western blot analysis. 

Dvl1-MO could specifically block the translation of Dvl1 while not affecting the 

translation of luciferase control (Fig. 3-1A). As a further control, we used 5 base-pair 

mismatched-morpholino (Dvl1-MM) and Dvl-MM did not remarkably affect the 

translation of Dvl1 compared to Dvl1-MO. Similar data were obtained on Dvl2 and Dvl3-  
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Figure 3-1. Dvl-MOs effectively block the translation of each Dvls. 

A. In vitro translation of Dvl1 was effectively blocked by Dvl-MOs while luciferase 
control was not affected as much. Also, Dvl1-MM did not severely reduce the translation 
of Dvl1. B. Dvl2-MO and Dvl3-MO also inhibited in vitro translation of Dvl2 and Dvl3 
respectively. C. Western blot analysis showed that Dvl2-MO specifically reduced Dvl2 
level while Dvl3 was not affected. D. Dvl3-MO injection only reduced Dvl3 expression 
level. 
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MOs (Fig. 3-1B). The injection of Dvl2-MO or Dvl3-MO specifically reduced the level 

of endogenous Dvl2 or Dvl3 translation each while not affecting others (Fig. 3-1C).  

Next, we targeted Dvl-MOs to the muco-ciliary epidermis by injecting into two 

ventral cells at the 4 cell stage embryo. This ventral injection enables us to overcome the 

early requirement of Dvls in dorsal induction during gastrulation. The knockdown of any 

two Dvl proteins resulted in severe defects in ciliogenesis as compared to controls (Fig. 

3-2 and 3-3). In control embryos, each ciliated epidermal cell has dozens of cilia growing 

out from the apical cell surface. In Dvl morphants, ciliated cells have fewer cilia and the 

cilia are shorter and poorly organized compared to controls (Fig. 3-3). Microtubules did 

polymerize in the Dvl morphants, but rather than projecting apically, dense bundles of 

microtubules were observed at or below the apical surface of morphant cells, as in Xint 

morphant (Fig. 2-12). In the most severe cases, we observed an almost complete lack of 

cilia. Additionally, Dvl morphants cells completely failed to accumulate apical actin in 

ciliated cells, though actin remained localized at the cell-cell junctions (Fig. 3-2 and 3-3). 

These data suggest that, like Xint, Dvl is necessary for cilia formation. Also, it is 

more likely that the PCP signaling function of Dvl might be adapted for the formation of 

multi-cilia formation. This is reasonable because, first, Inturned and Fuzzy have not been 

implicated in canonical Wnt signaling transduction, and instead are necessary for cilia 

formation. Second, we observed that Dvl localizes at the apical membrane of ciliated 

cells. Finally, the PCP function of Dvl is dependent on its membrane localization, while 

the local concentration or aggregation of Dvl is critical for canonical Wnt signaling (Park 

et al., 2005). 
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Figure 3-2. Knockdown of Dvls disrupts cilia formation. 

A. The muco-ciliary epithelium in control embryo was stained with anti--tubulin 
antibody and phalloidin. Ciliated cells have dense apical actin accumulation. B. Dvl1-
MM injection did not disrupt either cilia formation or actin accumulation. C. Dvl1-MO 
injection mildly affected cilia formation and apical actin accumulation. D. Co-injection of 
Dvl1-MO and Dvl3-MO severely disrupted cilia formation and actin accumulation. 
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Figure 3-3. Dishevelled is necessary for organizing actin and microtubule in multi-
ciliated cells. 

A. Cross-sectional view of ciliated cells in control (left panel), Dvl-C1 overexpressing 
(middle panel), or Dvl1 and Dvl3 morphant embryo (right panel). B. and C. X-Y surface 
projection of thin confocal section marked by brackets in panel A. Either Dvl-C1 
overexpression or Dvl1 and Dvl3 double knockdown resulted in massive accumulation of 
unorganized microtubules while eliminating apical actin mesh.   
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3.2.2 DISHEVELLED CONTROLS THE DOCKING OF BASAL BODIES TO THE APICAL 

SURFACE OF CILIATED CELLS. 

We next tried to elucidate a more detailed mechanism by which Dvl controls 

ciliogenesis. An individual cilium stems from its own organizing center, the basal body. 

The basal body is a centriole derivative which has several accessory structures such as a 

rootlet, a basal foot and vesicles, in addition to a core 9-triplets of microtubules 

(Anderson and Brenner, 1971). In multi-ciliated cells, basal bodies are formed de novo in 

the cytoplasm and migrate to the apical surface by still unknown mechanisms. During the 

apical migration, basal bodies acquire their accessory structures (Sorokin, 1968). As soon 

as basal bodies dock to the apical membrane, the ciliary axoneme grows out from the 

apical surface of ciliated cells. Previously, it has been suggested that actin filaments are 

critical for the apical docking of basal bodies (Boisvieux-Ulrich et al., 1990).  

Because knockdown of either Dvl or Xint results in the elimination of apical actin 

accumulation, and Dvl localized to basal bodies, we postulated that Dvl could be 

involved in the apical docking of basal bodies.  To test this hypothesis, basal bodies were 

visualized by -tubulin immuno-staining. In control embryos, basal bodies are well 

organized and localize to the apical surface of ciliated cells (Fig. 3-4A). Also, -tubulin 

staining was observed immediately beneath individual cilia in many cases, indicating that 

-tubulin marks basal. In contrast, co-injection of any two Dvl morpholinos inhibited the 

apical docking of basal bodies (Fig. 3-4B and C), while the number of -tubulin positive 

spots are similar to control (data not shown). We also confirmed this result using 

transmission electron microscopic (TEM) analysis (TEM analysis was done by Philip B. 

Abitua). TEM images clearly show that basal bodies fail to dock at the apical membrane 

in Dvl morphants (Fig. 3-10B). Then, we ruled out the possibility that reducing Dvl level 
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could generally affect the integrity of ciliated cells by examining the localization of 

apicobasal polarity proteins such as ZO-1 and Lgl.  

 

 

Figure 3-4. Dishevelled controls the docking of basal bodies to the apical surface. 

A. Cross-sectional view of ciliated cells in control. Basal bodies were visualized by 
immunostaining γ-Tubulin.  B and C.  Cross-sectional view of ciliated cells in Dvl-C1 
overexpressing or Dvl morphants embryo, Disruption of Dvl function resulted in the 
failure of apical docking of basal bodies. D. Xint-MO injection also disrupts the docking 
of basal bodies. E. ZO-1 and γ -tubulin were co-immunostained in control or Dvl 
morphants (F). Dvl morphant displayed undocked basal bodies, while the integrity of 
ZO-1 localization was not affected. 
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Co-injection of three Dvl-MOs did not affect ZO-1 (Fig. 3-4F) and Lgl (data not shown) 

localization. 

Because basal body docking is a prerequisite for cilia formation, these data 

suggest that the ciliary defects in Dvl morphants results from the failure of basal body 

docking rather than from the failure of cilia assembly itself. 

 

3.2.3 DISHEVELLED LOCALIZES ASYMMETRICALLY NEAR THE BASE OF CILIA. 

In order to better understand the function of Dvl in ciliogenesis, we determined 

the subcellular localization of Dvl-GFP in ciliated epidermal cells by expressing a low 

dose of Dvl-GFP. Interestingly, Dvl-GFP is enriched as puncta at the apical surface of 

ciliated cells (Fig. 3-5B). Several dozens of Dvl-GFP puncta decorate the apical surface 

of ciliated cells, while non-ciliated cells do not show any organized localization of puncta 

at the very apical surface. Bigger and brighter spots of Dvl2-GFP were also observed far 

below the apical cell surface, while the small puncta localize only at the very surface 

(Fig. 3-5B’). 

We next sought to define domains responsible for the localization of Dvl in 

ciliated cells. To this end, we injected several GFP fusion constructs of Dvl deletion 

mutants targeting to muco-ciliary epidermis (Fig. 3-5A). Dvl-D1, in which DIX 

(Dishevelled/Axin) domain is deleted, showed the similar localization pattern to Dvl-GFP 

while missing bigger aggregates in deeper (Fig. 3-5C and C’). This is also consistent with 

other studies suggesting that the DIX domain mediates oligomerization of Dvl (Kishida et 

al., 1999; Rothbacher et al., 2000; Schwarz-Romond et al., 2007). In contrast, Dvl-D6, in 

which the entire DEP (Dishevelled, EGL-10, Pleckstrin) domain and C-terminus are 

deleted, failed to localize apically and to form puncta (Fig. 3-5F and F’). However, Dvl-  
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Figure 3-5. Dishevelled localizes near the basal body. 

A. Schematic diagrams of Dvl deletion constructs used in this study. B. Dvl-GFP 
localizes as puncta. Cross-sectional view in B’ revealed that only small puncta localizes 
apically and bigger aggregates localized deep in the cytoplasm. C. Dvl-C1-GFP formed 
puncta while bigger aggregates were missing. D. Dvl-D2-GFP displayed similar 
localization patterns to Dvl-GFP. E. Dvl-D4 failed to form puncta and ubiquitously 
localized at the apical membrane. F. Dvl-D6-GFP did not localize apically. G. Dvl-PD-
GFP showed the punctated pattern. H. Dvl-C1 recapitulated the punctated localization of 
Dvl-GFP while bigger aggregates were missing. 
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PD, which has only a PDZ (PSD-95, DLG, ZO1) and a DEP domain, also localized 

apically and formed puncta (Fig. 3-5G and G’). Dvl-D2 and Dvl-D4, which has complete 

and partial PDZ domain deletion respectively, showed very different localization 

patterns. Dvl-D2 localizes apically as puncta, while Dvl-D4 fails to form puncta (Fig. 3-

5D and E). Interestingly, the very C-terminus region of Dvl, Dvl-C1, completely 

recapitulated the apical localization of Dvl-GFP, while bigger spots below the apical cell 

surface were not observed (Fig. 3-5H and H’). In many cases, apical Dvl-GFP and Dvl-

C1-GFP puncta are right under the individual cilium, as visualized by -tubulin immuno-

staining suggesting Dvl localizes near basal body-like structures (Fig. 3-5B’ and H’).  

To confirm the localization of Dvl, peptide antibodies against each of the three 

Dvl proteins were generated, and an anti-Dvl2 antibody was effective in whole-mount 

immunostaining. Dvl2, visualized by immunostaining, localized to the cell membrane in 

both ciliated and mucus-secreting cells (Fig. 3-6A). Consistent with Dvl-GFP 

localization, Dvl2 immunostaining shows similar punctate patterns enriched at the apical 

surface of ciliated cells (Fig. 3-6B). We further determined the identity of Dvl2 puncta by 

immunostaining embryos expressing Centrin2-GFP, a basal body marker or CLAMP-

GFP, a rootlet marker. To our surprise, Dvl2 puncta consistently localize near Centrin2-

GFP puncta (Fig. 3-6B). Moreover, the relative localization of Dvl puncta to the Centrin-

GFP puncta showed obvious polarity and asymmetry. In contrast, Dvl2 signals were 

consistently overlapped with CLAMP-GFP signal which marks ciliary rootlet structure 

(Fig. 3-6C). 

These data together suggest that Dvl localizes near the basal body asymmetrically, 

and that the PDZ and C-terminus of Dvl coordinately control its localization near basal 

bodies in multi-ciliated cells. 
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Figure 3-6. Dishevelled asymmetrically localizes near the basal body. 

A. Dvl2 immunostaining displayed similar punctated patterns to Dvl-GFP. Dvl2 is 
enriched apically in ciliated cells. Also, cell membrane is ubiquitously stained. B. 
Cntrin2-GFP signal is right next to the Dvl2 puncta. Also, Dvl2 and Centrin2 displayed 
polarized localization pattern. Left panel shows higher magnification view of the signals. 
C. Dvl2 signal is consistently overlapped with CLAMP-GFP, a rootlet marker. D. A 
schematic figure of the basal body. 
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3.2.4 OVER EXPRESSION OF THE CONSERVED C-TERMINUS OF DISHEVELLED 

DISRUPTS CILIOGENESIS:  

We were next interested by the C-terminal fragment, Dvl-C1, which was 

sufficient to localize near basal bodies (Fig. 3-5H). This C-terminus of Dvl is highly 

conserved in Dvl proteins, among isoforms and species. However, the biochemical 

function of the C-terminus has not been studied. We examined the function of Dvl-C1 in 

cilia formation by overexpression it in the epidermis of Xenopus embryos. Interestingly, 

overexpression of Dvl-C1 caused similar ciliary defects to those observed in Dvl 

morphants (Fig. 3-3A, B, and C). Dvl-C1 expressing cells showed consistently fewer cilia 

at the apical cell surface and apical actin accumulation was completely eliminated (Fig. 

3-3A, B, and C). Moreover, failure of basal body docking to the apical surface was also 

observed (Fig. 3-4A). As a control, we injected a shorter C-terminal fragment (Dvl-C2), 

but Dvl-C2 overexpression did not disrupt cilia formation in the same dose (data not 

shown). 

We examined if Dvl-C1 could generally function as a dominant negative form of 

Dvl during convergent extension. To this end, we overexpressed Dvl-C1 in dorsal tissue 

and analyzed convergent extension. As a control, Dvl-C2 was also expressed with the 

same dose as Dvl-C1. Indeed, the dorsal expression of Dvl-C1 caused widely open neural 

tubes, while Dvl-C2 did not (Fig. 3-7A). Interestingly, Dvl-C1 overexpression disrupted 

both anterior and posterior neural tube closure indicating that primary cilium might be 

affected (Fig. 3-7A).  

We confirmed the data with another well established experimental method, the 

DMZ explant technique. The dorsal marginal zone tissue undergoes massive convergent 

extension movements, even after it is isolated from the whole embryo. The movements 

could be analyzed quantitatively by measuring LWR of elongated DMZ explants.  
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Figure 3-7. The overexpression of Dvl-C1 or Xint knockdown displaces Dvl from the 
basal body.  

A. The overexpression of Dvl-C1 caused widely opened neural tube. B. Dvl-C1 also 
blocked the elongation of DMZ explants. The LWR of Dvl-C1 overexpressing DMZ 
explants were significantly higher than control. C. Dvl-GFP localizes as puncta in ciliated 
cells. D. and E. Dvl-C1 overexpression (D.) or Xint-MO injection (E.) displaced Dvl 
GFP from the apical surface. 
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This approach eliminates other physical or morphogenetic influences from surrounding 

tissues in the whole embryo, thus enabling a more accurate analysis on convergent 

extension (Wilson et al., 1989).  

Consistent with the embryonic phenotype, overexpression of Dvl-C1 elicited 

severe convergent extension defects in DMZ explants (Fig. 3-7B), but Dvl-C2 have no 

affect on the movements. The mean LWR of Dvl-C1 overexpressing DMZ explants were 

significantly lower than that of control explants (Fig. 3-7B). 

We next sought to understand the mechanisms by which Dvl-C1 functions as a 

dominant negative mutant. Because Dvl-C1 is sufficient to localize near the basal body, 

we reasoned that Dvl-C1 could function as a dominant negative mutant by displacing Dvl 

from the basal body. In order to test this idea, we co-expressed low dose of Dvl-GFP and 

overexpressing dose of Dvl-C1. Consistent with the idea, the overexpression of Dvl-C1 

effectively eliminated apical Dvl-GFP puncta, while bigger aggregates deeper in the 

cytoplasm were not affected (Fig. 3-7D). 

All together, these data suggest that Dvl-C1 functions as a dominant negative 

mutant by preventing Dvl from localizing properly, and that Dvl localization near the 

basal body is essential for cilia formation. 

 

3.2.5 DISHEVELLED MEDIATES RHO ACTIVATION AT THE APICAL SURFACE OF 

CILIATED EPITHELIAL CELLS. 

Rho activity has been recently shown to be involved in basal body docking in 

mammalian airway culture (Pan et al., 2007). During convergent extension, Dvl has been 

shown to activate and form a complex with RhoA (Habas et al., 2003; Habas et al., 

2001). This suggests that Dvl may function in the docking of basal bodies by modulating 
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the activity of RhoA. We therefore examined the activation and localization of RhoA in 

ciliated epidermal cells.  

When expressed in muco-ciliary epithelium, GFP-RhoA is highly enriched 

apically in ciliated cells but not in non-ciliated cells (Fig. 3-8A). This localization pattern 

of RhoA is also consistent with the finding that RhoA function could be important for 

ciliogenesis (Pan et al., 2007). We asked if Dvl function is necessary for the apical 

localization of GFP-RhoA in ciliated cells. However, the injection of either Dvl-MOs or 

Dvl-C1 overexpression did not change the apical localization of GFP-RhoA (Fig. 3-8A). 

This result is consistent with our previous report that changing the localization of Dvl 

does not affect GFP-RhoA localization in Xenopus animal cap cells (Park et al., 2005). 

We next assessed the distribution of activated, GTP-bound form of RhoA in 

ciliated cells. This was done by expressing the Rho sensor, Myc-rGBD in ciliated cells 

followed by immunostaining using anti-Myc antibody. rGBD has been previously 

reported to bind specifically to GTP-bound RhoA (Bement et al., 2005; Benink and 

Bement, 2005). When it is expressed in control embryos, Myc-rGBD specifically 

localized at the apical surface as dense foci (Fig. 3-8B). This indicates that even though 

RhoA is enriched throughout the entire apical membrane, it is only active in a subset of 

locations.  

Then we further characterized the identity of the Myc-rGBD foci by co-

expressing Myc-rGBD and Centrin2-RFP. Immunostaining against the Myc-tag revealed 

that these Myc-rGBD foci is overlapping with Centrin-RFP signals in most cases (Fig. 3-

8B), suggesting RhoA is only active near the basal body. Because Dvl controls the 

activity of RhoA during convergent extension, we thought that Dvl could also be 

involved in the activation of RhoA for cilia formation.  
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Figure 3-8. Dvl governs activation of RhoA but Xint controls the localization of RhoA. 

A. GFP-RhoA was expressed in control (left), Dvl-C1 overexpressing (middle), or Xint-
MO injected ciliated cells. The overexpression of Dvl-C1 did not affect the localization 
of GFP-RhoA, but Xint-MO injection displaced apically enriched GFP-RhoA. B. the 
active RhoA was visualized by Myc-rGBD. Most Myc-rGBD foci overlapped with 
Centrin-RFP puncta. Also, either overexpression of Dvl-C1 or injection of Xint-MO 
abolished the active RhoA foci. 
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Indeed, when the function of Dvl is compromised by either Dvl-MO injection or 

Dvl2-C1 overexpression, the active RhoA foci were remarkably reduced (Fig. 3-8B), 

although the localization of GFP-RhoA was not changed (Fig. 3-8A). This suggests that 

one of the functions of Dvl in cilia formation is to activate RhoA near basal bodies. Then, 

RhoA may mediate the docking of basal bodies for cilia formation (Pan et al., 2007). 

We further confirmed the function of RhoA in cilia formation by overexpressing 

the dominant negative form of RhoA, RhoA-N17. As compared to control, Rho-N17 

overexpressing cells have shorter and fewer cilia (Fig. 3-9A). ROK inhibitor Y27632 

treatment also disrupted cilia formation (Fig. 3-9A). 

Together, these data suggest that RhoA signaling is essential for cilia formation, 

and also Dvl mainly controls the activation of Rho GTPase, but not the localization of 

RhoA for cilia formation.  

 

3.2.6 INTURNED IS NECESSARY FOR THE APICAL LOCALIZATION OF DISHEVELLED 

AND RHO GTPASE. 

In Drosophila, PCP effectors function downstream of the core PCP genes. 

Consistent with reports in the fly, we found that Xint and Xfy control convergent 

extension movement in concert with the core PCP genes such as Frizzled and Dvl (Fig. 2-

8B and C). It is also possible that Xint could interact with Dvl to regulate cilia formation. 

The similar phenotypes in actin and microtubule organization between Xint morphants 

and Dvl morphants also support this idea.  

In order to further analyze the interactions between Xint and Dvl for cilia 

formation, we examined the function of Xint on basal body docking and RhoA activation. 

As expected, knockdown of Xint by Xint-MO injection resulted in the failure of basal 

body docking similar to Dvl knockdown (Fig. 3-4D). Myc-rGBD foci were also markedly  
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Figure 3-9. RhoA is involved in cilia formation. 

A. Ciliated epidermal tissues were stained with -tubulin antibody and phalloidin. Either 
the injection of Rho-N17 or treatment of Y27632, a ROK inhibitor, inhibited normal cilia 
formation (arrowhead in the middle and right panel). 
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reduced in Xint morphants As compared to control cells (Fig. 3-8B). Interestingly, 

however, we observed that RhoA-GFP was eliminated from the apical surface of ciliated 

cells in Xint morphant, while the Rho-GFP at the cell boundary was not affected (Fig. 3-

8A). Furthermore, knockdown of Xint markedly reduced the number of Dvl-GFP puncta 

at the apical surface (Fig. 3-7E).  

These data suggest that Xint and Dvl functionally interacts each other to govern 

cilia formation. Even though the ciliary phenotypes caused by the disruption of either Dvl 

or Xint are very similar, the underlying mechanism is different. Dvl controls the 

activation of Rho but not the localization, and Xint controls the localization of both Rho 

and Dvl during cilia formation. 

 

3.2.7 DISHEVELLED LINKS BASAL BODY DOCKING TO VESICLE TRAFFICKING AND 

SEC8 LOCALIZATION. 

Previously, TEM analysis in developing multi-ciliated oviduct tissue revealed that 

basal bodies were frequently associated with small vesicles at their distal ends before the 

docking (Anderson and Brenner, 1971; Sorokin, 1962; Sorokin, 1968). Also, TEM 

sometimes captured the vesicle fusing with the plasma membrane. From these data, it has 

been suggested that the docking of basal bodies to the plasma membrane occurs by an 

exocytosis-like mechanism.  

Furthermore, several lines of evidence suggest that PCP signaling is involved in 

membrane trafficking. For example, Dvl has been implicated in endo- or exocytosis in 

various cell types (Bryja et al., 2007; Chen et al., 2003; Kishida et al., 2007; Yu et al., 

2007). The core PCP genes have been shown to be involved in membrane trafficking 

during wing cell development (Classen et al., 2005; Shimada et al., 2006). Therefore, we 
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examined the possibility that the failure of basal body docking in Dvl morphants might 

result from impaired vesicle trafficking during the docking process. 

In order to test this hypothesis, a series of TEM images were acquired and vesicle 

trafficking was analyzed. In control embryos, we frequently observed small vesicles 

associated with basal bodies (Fig. 3-10A and B). To our surprise, however, we never 

observed basal bodies in association with vesicles in Dvl morphants. Instead, we found 

small vesicles filling the apical surface while basal bodies failed to dock (Fig. 3-10B). 

These striking phenotypes in Dvl morphants could be explained by a recent study on 

Dvl/PCP signaling and vesicle trafficking.  

One of the vesicle trafficking components interacting with PCP genes is the 

exocyst complex (Goto et al., 2005). The exocyst complex is known to be involved in 

various cellular processes such as tethering secretory vesicles, endocytosis, recycling 

endosome, and cell division (Gromley et al., 2005; He et al., 2007a; Langevin et al., 

2005; Oztan et al., 2007). Given Dvl localized to the basal bodies, it is possible that Dvl 

could control the targeting of vesicles to the basal body through the interaction with the 

exocyst complex.  

To investigate this, the exocyst complex was visualized by immunostaining using 

an antibody against Sec8, a component of the complex. In controls, Sec8 signal was 

enriched apically in ciliated cells (Fig. 3-10C), and displayed a punctate pattern. The 

puncta co-localized with a basal body marker, Centrin-RFP (Fig. 3-10C). However, in 

Dvl morphants, the punctate pattern of Sec8 signal was severely disrupted (Fig. 3-10C). 

Notably, the co-localization of Sec8 with Centrin-RFP was also disrupted (Fig. 3-10C). 

The cross-sectional view clearly showed that Sec8 signal is separated from the undocked 

basal body. 
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Figure 3-10. Dishevelled controls the association of vesicle with the basal body for the 
apical docking of basal bodies. 

A. The TEM image showing the serial steps of basal body docking. Basal body associate 
with a vesicle before the docking. Next, the vesicle is fused to the plasma membrane. B. 
Cross-sectional view of control (left) or Dvl morphant (right). Knockdown of Dvl 
increased the number of small vesicles at the apical surface. Also, basal bodies failed to 
associate with vesicles before the docking. C. The distribution of Sec8 was disrupted by 
the injection of Dvl-MOs. Also, the Sec8 signal was no longer associated with basal body 
marked by Centrin-RFP. 
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Together, our TEM and immunostaining data suggest that Dvl controls the 

association of vesicles with basal bodies in concert with the exocyst complex. In turn, the 

vesicle mediates the docking of basal bodies to the apical membrane by membrane-fusion 

process. 

 

3.2.8 DVL/RHO SIGNAL IS FURTHER NECESSARY FOR THE PLANAR POLARIZATION 

OF BASAL BODIES AFTER CILIA FORMATION. 

PCP signaling has been shown to control planar polarization of tissues, and muco-

ciliary epidermal tissue also has been shown to be polarized to generate polarized fluid-

flow across the surface (Konig and Hausen, 1993; Mitchell et al., 2007). To make this 

happen, individual ciliated cells reorient each cilium toward the same direction, so that 

they beat in the same direction. This process occurs by sensing the direction of fluid flow 

across the epidermis (Mitchell et al., 2007). This suggests that Dvl/PCP signaling could 

be further utilized to establish the polarity of cilia in the epidermis.  Notably, the 

asymmetrical localization of Dvl to the basal body strengthens this hypothesis (Fig. 3-6B 

and C). It has been recently reported that the polarity of the ciliary beating could be 

analyzed by the orientation of accessory structures of basal bodies, the rootlet and the 

basal foot. The basal foot always points the direction of ciliary beating and the rootlet 

associates with the basal body at the opposite side to the basal foot. Therefore, by using 

those markers, we next tested whether Dvl/PCP signaling is necessary for the polarization 

of ciliary beating. 

In order to analyze the polarization of basal bodies, we co-expressed Centrin-

RFP, a basal body marker and Mig12-GFP, a rootlet maker. Co-expression of these two 

makers clearly showed the polarity of basal bodies (Fig. 3-11A). The Mig12-GFP signal 

consistently localized asymmetrically to the Centrin-RFP signal. Also, the localization of 
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Mig12-GFP relative to Centrin-RFP was almost identical in each basal body complex 

(Fig. 3-11A). Interestingly, Mig12-GFP localized at the rootlet in a distinct, wedge 

shaped manner. The pointy end of the signal is always oriented the Centrin signal (Fig. 3-

11B). This allows us to analyze the polarity of basal bodies easily by simply measuring 

the angle of wedges, from blunt to pointed end of Mig12-GFP signals. 

Mig12-GFP in control cells showed well organized polarization (Fig. 3-11B). 

This polarity was further analyzed quantitatively with a circular plot of the angles of 

direction, which individual Mig12-GFP signal is pointing. Most of the wedge-shaped 

Mig12-GFP signals were pointing relatively same direction. The circular standard 

deviation (CSD) was 21 (Fig. 3-11B). 

Because knockdown of Dvls using MO injection disrupts cilia formation prior to 

the polarization, we searched deletion constructs of Dvl which does not disrupt cilia 

formation. Among several of Dvl deletion constructs, the broadly used deletion construct, 

Xdd1 (see Fig. 3-5A) showed only mild ciliary defects at very high dose. To our surprise, 

at modest dose, Xdd1 markedly disrupted the polarization of basal bodies, visualized by 

Mig12-GFP (Fig. 3-11B). The circular plot clearly showed that basal bodies are pointing 

random directions in Xdd1 expressing cells. The CSD, 101.6, is much higher than control 

cells. 

Xdd1 has been shown to function as a dominant negative by disrupting RhoA 

activation (Habas et al., 2003). Therefore, we reasoned that Rho signal could also be 

important for the polarization of basal bodies. To test this hypothesis, RhoA-N17, a 

dominant negative form of RhoA, was overexpressed in the muco-ciliary epithelium. 

Although RhoA-N17was very toxic to the developing embryo, at a low dose, some 

ciliated cells showed ciliary defects as shown in previous figure (Fig. 3-9A), but many 

cells expressing RhoA-N17 completed cilia formation. We took advantage of this finding  
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Figure 3-11. Dvl/Rho signaling is further necessary for the planar polarization of basal 
bodies. 

A. Centrin-RFP and Mig12-GFP were co-expressed in ciliated cells. Mig12-GFP 
localized right next to the Centrin-RFP signal with distinct wedge shape. B. The 
overexpression of either Xdd1 (middle panel) or RhoA-N17 (right panel) severely 
disrupted the planar polarization of basal bodies. 
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to analyze the role of Rho signal in the planar polarization of basal bodies. Consistent 

with a role for RhoA in PCP signaling, in RhoA-N17 expressing cells, basal bodies are 

pointing in random directions (Fig. 3-11B). RhoA-N17 expressing cells displayed a 

higher CSD, 76.3 as compared to controls. 

 

3.2.9 DVL/RHO SIGNALING IS REQUIRED FOR THE POLARIZED BEATING OF CILIA. 

Previously, the polarity of basal bodies has been shown to represent the direction 

of ciliary beating. The polarized beating of cilia is critical for generating directional flow 

over the Xenopus epidermis (Mitchell et al., 2007). Therefore, we examined whether 

Xdd1 or DN-RhoA disrupts directional flow over the epidermis of embryos and this.  

In order to measure the flow across the epidermis of Xenopus embryos, we added 

small latex beads in the media and took a time-lapse movie of bead movement over the 

embryos with very short time interval. In control embryos, beads moved from dorso-

anterior to ventral-posterior very quickly and in a well-organized manner (Fig. 3-12A). 

However, in Xdd1 injected embryos, we frequently observed unorganized bead 

movements (Fig. 3-12A). In some spots, beads were consistently swirling and turning 

(Fig. 2-25A). We also observed that some beads in the same region were moving in 

different directions. Moreover, the rates and directionality of the bead movement were 

significantly lower than controls suggesting that the fluid flow was disorganized. The 

overexpression of RhoA-N17 also caused the same defects in polarized flow generation 

(Fig. 3-12B). 

The motility of a cilium itself is necessary for the polarization of ciliary beating 

(Mitchell et al., 2007). Though we observed the movement of beads upon Xdd1 or RhoA-

N17 injection, which indicates that cilia are motile, we further confirmed whether the 

motility of individual cilia was affected by Xdd1 expression. To this end, low dose of  
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Figure 3-12. Dvl/Rho signaling is required for polarized ciliary beating. 

A. The movement of individual latex bead was marked by the arrowed line. In control 
embryo (upper panel), the movement of beads were well organized. Upon the injection of 
either Xdd1 (middle panel) or Rhoa-N17 (lower panel), the flow was severely 
disorganized. B. The rate and directionality of the flow were measured. The directionality 
of the bead movement (upper graph) was quantified as the ratio of the linear distance of 
the track to the sum distance along the track. Value 1.00 indicates straight line. C. Still 
frames of confocal movie showing the beating of cilia in control (upper panel) or Xdd1 
overexpressing cell (lower panel). Control cilia tend to beat at the same time toward the 
same direction. However, Xdd1 injection disrupted the beating motion. 
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tau-GFP was expressed alone as a control or co-expressed with Xdd1, and the ciliary 

beating was recorded using a high-speed confocal microscope. 

Though the confocal images were taken in 370 frames per second, we could not 

follow the movement of individual cilium. However, we found that overall beat 

frequency was comparable between control and Xdd1 expressing embryos (Fig. 3-12C). 

Ciliary beating in many Xdd1 expressing cells was quite disorganized as compared to 

control cells (Fig. 3-12C). 

Together, these data indicate that Dvl/Rho signaling is necessary for the planar 

polarization of basal bodies within ciliated cells, and thereby governs the generation of 

directional flow over the surface of embryos. 
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3.3 Discussion 

3.3.1 DISHEVELLED, A CORE PCP GENE GOVERNS BASAL BODY DOCKING FOR CILIA 

FORMATION 

The muco-ciliary epithelium in Xenopus embryos possesses a great similarity to a 

mammalian airway epithelium which is also composed of mucus-secreting cells and 

multi-ciliated cells (Hayes et al., 2007; Konig and Hausen, 1993). Using this in vivo 

model, we showed that Dishevelled is essential for cilia formation, as PCP effectors 

Inturned and Fuzzy are. The function of Dvl in cilia formation was confirmed by two 

different approaches, morpholino-mediated knockdown and the overexpression of the 

conserved C-terminus of Dvl, Dvl-C1 (Fig. 3-3).  

The ciliary phenotypes in Dishevelled compromised cells were strikingly similar 

to those of Inturned or Fuzzy knockdown (Fig. 2-12 and 3-3). Compared to control cells, 

the apical accumulation of actin filaments was almost completely eliminated. 

Additionally, microtubules are not organized into ciliary axonemes in Dvl morphants or 

Dvl-C1 overexpressing cell (Fig. 3-3). Instead, we observed apically accumulated and 

unorganized microtubules. Moreover, we traced the cause of ciliary defects back to the 

failure of basal body docking to the apical surface prior to the assembly of cilia.  

Basal bodies are indispensable cellular organelles for cilia formation. The IFT 

machinery initially docks to the basal body to build the cilium (Deane et al., 2001), and 

every cilium stems from the underlying basal body. For these reasons, the basal body is 

considered an organizing center for cilium. We showed here that two PCP genes in 

different classes, Dishevelled and Inturned, have similar roles in basal body docking. 

This suggests that the unified function of the PCP pathway in cilia formation could be to 
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establish the polarity for basal body docking, or it could be directly involved in the 

docking process. 

 

3.3.2 INTURNED MEDIATES THE LOCALIZATION OF DISHEVELLED AND RHO TO THE 

BASAL BODY. 

A small GTPase, Rho, has been implicated in many cellular processes such as 

actin polymerization, cell shape change, vesicle trafficking, and cilia formation. In this 

study, we suggest that Rho GTPase function coordinately with PCP genes for cilia 

formation. We found that RhoA is highly enriched throughout the entire apical surface of 

ciliated cells while active Rho is only at the base of individual cilium (Fig. 3-8). 

Consistent with previous data (Park et al., 2005), we observed that compromising 

Dishevelled did not change the apical accumulation of RhoA in ciliated cells. However, 

the level of activated RhoA was markedly reduced in Dvl morphants as compared to 

control. Also, the knockdown of Inturned almost completely eliminated activated RhoA 

puncta. Interestingly, however, the apical localization of RhoA was also disrupted in Xint 

morphants (Fig. 3-8).  

This suggests that even though the ciliary defects displayed in Xint morphants and 

Dvl morphants are very similar, the underlying mechanisms are different. Inturned is 

necessary for broad localization of RhoA at the apical surface but Dishevelled is only 

responsible for the activation of RhoA at the base of cilia. 

 

3.3.3 DISHEVELLED AFFECTS THE DOCKING OF BASAL BODIES VIA CONTROLLING 

VESICLE ASSOCIATION WITH BASAL BODIES. 

Recently, we have made significant progress in understanding the mechanism by 

which cilia are assembled (Cole et al., 1998; Deane et al., 2001; Kozminski et al., 1995; 
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Kozminski et al., 1993; Pazour et al., 2002; Pazour et al., 1999; Rosenbaum and Witman, 

2002), but little is known about how the basal body develops and docks to the plasma 

membrane. Previous study suggests that the docking of basal bodies requires the actin 

cytoskeleton and vesicle association (Boisvieux-Ulrich et al., 1990; Lemullois et al., 

1988; Sorokin, 1968). Indeed, disrupting the actin cytoskeleton has been shown to have a 

profound effect on the docking process. However, the significance of vesicles in docking 

has not been tested or examined.  

In this study, for the first time, we have shown that the vesicle association with 

the basal body is a critical step for the docking (Fig. 3-10). Furthermore, we have 

identified a possible mechanism by which the vesicle is recruited to the basal body.  

TEM analysis of Dvl morphants showed clear differences from control cells. 

First, we observed significantly more small vesicles at the apical surface in the morphants 

(Fig. 3-10). We also never observed vesicles associated with basal bodies even though we 

frequently observed basal body-associated vesicles in control cells. This suggests that Dvl 

is required for the attachment of vesicle to the basal body. Dishevelled seems to control 

vesicle association via the exocyst complex. These data are consistent with previous 

reports that PCP signaling modulates E-cadherin recycling via the exocyst complex in 

Drosophila. It is still not clear how Dishevelled modulates the exocyst complex to 

localize around the basal body.  

The exocyst is an effector of small GTPases such as Cdc42 (Zhang et al., 2001), 

Rho (Wang et al., 2003), and RalA (Novick and Guo, 2002; Sugihara et al., 2002), and it 

is possible that Dishevelled mediates the activation of small GTPases responsible for the 

localization of the exocyst complex. Given that the unified function of PCP signaling is 

to govern polarized vesicle trafficking, it might be interesting to study how the exocyst 

complex is controlled during convergent extension. 
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3.3.4 DISHEVELLED CONTROLS PLANAR POLARIZATION OF BASAL BODY. 

Another interesting finding of this work is that the planar polarization of basal 

bodies is regulated by the same set of proteins used in the docking of basal bodies (Fig. 3-

11 and 3-12). Recently, it has been reported that cilia form with weakly biased planar 

polarization. After cilia form and start to beat, the polarity of basal bodies is further 

refined by the directed flow of fluid (Mitchell et al., 2007). This suggests that Dvl/PCP 

signaling could function at two different steps in planar polarization.  

First, the initial, biased polarity of basal bodies could be controlled by PCP 

signaling, and the defective planar polarization of basal bodies results from the failure of 

weak fluid flow generation initially. The other possibility is that Dvl/PCP signaling is 

necessary for sensing the fluid flow and refining the polarity. It would be intriguing to 

test this hypothesis by generating artificial fluid flow over the muco-ciliary epithelium. 

Another challenging future direction would be to explain how Dvl/PCP signaling 

could govern two distinct cellular processes. One possible explanation comes from our 

unpublished data. We observed that every basal body is connected to a long filamentous 

structure which could be visualized by CLAMP-GFP expression. We are currently 

investigating to identify the filamentous structure. Given basal bodies are connected to 

this filamentous structures, it is possible that Dvl/PCP signaling governs vesicle 

association with basal body by connecting basal bodies to the filaments and vesicles 

could be delivered through the filaments. Another explanation would be that Dvl/PCP 

signaling is responsible for building or organizing the filamentous structure. In any case, 

it is also possible that filamentous structure could be further necessary for the planar 

polarization of basal body. However, in this model, Dvl/PCP signaling only functions on 
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reorganizing the planar polarization of basal bodies in response to, rather than directly 

sensing, the signaling cue coming from the fluid flow. 
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4. CONCLUSION 

In this study, we have shown that the vertebrate homologues of Drosophila PCP 

effectors Inturned and Fuzzy play a similar role to other PCP genes during embryonic 

development, governing convergent extension movements. To our surprise, Inturned and 

Fuzzy are also necessary for the transduction of Hedgehog signaling. Our data suggest, 

however, Inturned and fuzzy affect Hedgehog signaling secondarily by governing cilia 

formation.  

Furthermore, this study uncovered a novel function of PCP genes for the first 

times; controlling cilia formation. In vertebrates, Dvl/PCP signaling seems to be adapted 

to control cilia formation in two separate steps. First, Dvl/PCP signaling facilitates apical 

docking of basal bodies during cilia formation. This occurs through affecting vesicle 

association to the basal body. The exocyst complex lies between Dvl/PCP and the 

association of vesicles with basal bodies. After the formation of functional cilia, the same 

signaling is used again to establish the planar polarization of basal bodies.  

Cilia are critical cellular organelles functioning on broad range of cellular 

processes, and play important roles in development and disease. This study suggests that 

previously well known Dvl/PCP signaling has a critical role in cilia formation. 
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APPENDIX

       Material and Methods 

1. EMBRYO MANIPULATIONS 

Female adult Xenopus laevis were injected with human chorionic gonadotropin to 

induce ovulation. Next day, eggs were squeezed out and fertilized in vitro. At 2cell stage, 

the jelly layer of embryos were removed by swirling in 3% cysteine (pH 7.9) and washed 

in 1/3x MMR four or five times. For microinjections, embryos were placed in a 2% ficoll 

in 1/3x MMR, and injected using forceps and an Oxford universal micromanipulator, 

then reared in 2% ficoll in 1/3xMMR to stage 9, then washed and reared in 1/3x MMR.  

To analyze epidermal cilia formation, embryos were fixed between stage 25 to 27 

and immunostained. Embryo culture, solutions, in vitro transcription, and in situ 

hybridization were performed using standard methods (Harland, 1991).For all 

experiments, MOs were injected at 20-80ng/blastomere and various amounts of mRNAs 

were injected.  For most experiments, injections were made into the two ventral cells at 

the four-cell stage to target ciliated epidermis. 

For measurement of distance between the neural folds, the edges of the neural 

folds were traced, and the mean distance between these traces was calculated using 

ImagePro-Plus software. For assessing convergent extension, embryos were injected at 

the four-cell stage with morpholino or were not injected, and were then cultured to the 

64-cell stage. Embryos were then reared to stage 13 and fixed, and fluorescent images of 

embryos were obtained with a Leica MZ16FA stereomicroscope. Length-width ratios 

were calculated with ImageProPlus software. 
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 For assessment of fluid flow, embryos were immobilized in modeling clay 

and small latex beads were added to the culture media.  Time-lapse microscopy was then 

performed with a Zeiss DiscoveryV12 stereoscope, a Spot digital camera, and ImagePro-

Plus software. 

 

2. CLONING OF INTRONS AND DESIGN OF MORPHOLINO OLIGONUCLEOTIDES 

Introns in Xfy and Xint were identified by comparing cDNA sequences to the JGI 

Xenopus tropicalis genome sequence. Xenopus laevis genomic DNA, including the 

intronic region of Xfy and Xint, was then amplified by PCR, cloned and sequenced. 

Splice-blocking morpholino-oligonucleotides (MOs) were designed complementary to 

the 5' splice acceptor sites for Xfy and Xint. The splice-blocking morpholinos target both 

intron and exon sequences at the splice junction, so the mRNAs share only 50% sequence 

identity with, and cannot be bound by, the morpholino. To assess the efficacy of splice 

disruption by the morpholinos, total RNA was extracted from MO-injected and control 

embryos. cDNA was prepared using a random hexamer and MMLV-RT. PCR of Xfy was 

performed with the same primers used for amplifying the intronic region of Xfy, 

described above. In vitro translation assay was performed with the TnT kit from Promega 

using the manufacturer's specifications. All primer and MO sequences are listed below. 

Xfy-intron-forward primer 5’-CTGGTATCTTCTCTGGCACCTCAC-3’ 

Xfy-intron-backward primer 5’-GGTCCCCAAAGA ACACAAACTTC-3’ 

Xint-intron-forward primer1 5’-GGACACTTGCCTGTATGTCAATCC- 3’ 

Xint-intron-backward primer1 5’-AGGGATGCAGGATAAAACTCTCTC-3’ 

Xfy-MO sequence 5’-ATCCACTTACTTACCGTAGGACTCC-3’ 

Xint-MO sequence 5’-ATATTCCCCTTACCTATTAGACCT-3’ 

Xint-cDNA-forward primer 5’-AGGGATGCAGGATAAAACTCTCTC-3’ 
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Xint-cDNA-backward primer 5’-TATTACGAGTGCGTGCTGCGTC-3’ 

 

The C-terminus of Xenopus Dvl2, spanning amino acid 501-736, was amplified 

by PCR and cloned into CS107-3STOP of CS107-GFP-3STOP. Mig-12 cDNA was 

obtained from NIBB(Clone I.D. XL034l16). The ORF of Mig-12 was amplified by PCR 

and cloned into CS107-GFP-3STOP. CLAMP-GFP and Centrin-RFP were obtained from 

Dr. Chris Kintner at the Salk institute. Translation blocking antisense morpholinos for 

Dvl isoforms were designed based on the sequences from NIBB database (Dvl-1, 

CD362087(ATCC); Dvl-2 (previously Xdsh); Dvl-3 , XL190g16 (NIBB)). MOs were 

obtained from Gene Tools. All MO sequences are listed below. 

5mismatch Dvl1MM, 5’-GCTAGATCATTTTCGTCTGAGCGAT-3’ 

Dvl1MO, 5’- GGTAGATGATTTTGGTCTCAGCCAT-3’ 

Dvl2MO, 5’- TCACTTTAGTCTCCGCCATTCTGCG-3’ 

Dvl3MO, 5’- GGTAGATGACCTTGGTCTCCCCCAT-3’ 

 

3. CARTILAGE STAINING 

X. laevis embryos were fixed in MEMFA overnight and washed with PBS 

containing 0.1% Tween 20 (PTW). Fixed embryos were incubated in acidic alcohol (80% 

ethanol/20% acetic acid) for 2 h and were stained overnight in 0.05% Alcian blue in 

acidic alcohol. Stained embryos were destained in acidic alcohol overnight and bleached 

in 1% hydrogen peroxide, 5% formamide and 0.5 SSC after washing with PTW. The 

tissue was cleared in 0.05% trypsin in saturated sodium tetraborate and washed in PTW 

before viewing. 
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4. CONFOCAL IMAGING 

For floorplate cilia, embryos were fixed in MEMFA at stage 26, and 300-m 

sections were made with a Vibratome. The sectioned embryos were fixed again briefly 

and permeabilized in TBST (TBS containing 0.1% Triton X-100), were blocked in TBS 

containing 10% FBS and 5% DMSO and were incubated with mouse anti-acetylated 

tubulin immunoglobulin (IgG) overnight at 4 °C in the same buffer. The sections were 

then washed in TBST followed by incubation with Alexa Fluor 488 goat anti-mouse IgG. 

For epidermal cilia staining, embryos were fixed in MEMFA at stage 25 to 27 and 

washed with Ptw (PBS+0.1% Tween-20). The embryos were incubated with mouse anti-

-tubulin IgG in Ptw for 30 min. After washing with Ptw, the embryos were incubated 

with Alexa Flour 555 goat anti-mouse IgG in Ptw for 30 min followed by washing in 

Ptw. In all cases, embryos were mounted in Ptw and 3D projections of cilia were made by 

collecting overlapping sections with a Zeiss LSM5 PASCAL confocal microscope. For 

co-staining with actin or α-tubulin, Alexa Flour 488 phalloidin or anti-α-tubulin was 

used. 

High-speed confocal imaging was performed by time-lapse collection of single 

optical sections at a frame rate of 370fps using a Zeiss 5LIVe microscope. Images were 

collected from intact, living embryos expressing tau-GFP alone or together with Xdd1. 

3D projections, image processing, and image analysis were performed with LSM5, Image 

ProPlus, Imaris, and Adobe Photoshop software. For the circular analysis of basal body 

polarity, statistiXL 1.7 program was used. 

 

5. ACCESSION CODES 

GenBank: Xint, DQ355992; Xfy, DQ357248. 
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