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TRANSCRIPTIONAL CONTROL OF EPITHELIAL 
MORPHOGENESIS 

 

 

Mei-I Chung, Ph.D. 

The University of Texas at Austin, 2013 

 

Supervisor:  John B. Wallingford 

 

How tissues and organs develop into their final shape during embryogenesis is a 

fascinating and long-standing question in developmental biology. Tissue morphogenesis 

is driven by a variety of events at the cellular level and individual cell shape change is 

one of the central morphogenetic engines. Thus, it is crucial to understand what signals 

specify the correct cell behavior in specific groups of cells during development. For my 

doctoral studies, I have focused on two cell shape change events, apical constriction and 

cilia assembly.   

First, we present data demonstrating that Shroom3 is essential for cell shape 

changes and morphogenesis in the developing vertebrate gut, where Shroom3 

transcription requires the Pitx1 transcription factor. We identified a Pitx-responsive 

regulatory element in the genomic DNA upstream of Shroom3, and showed that Pitx 

proteins directly activated Shroom3 transcription in Xenopus. Moreover, we showed that 

ectopic expression of Pitx proteins was sufficient to induce Shroom3-dependent 

cytoskeletal reorganization and epithelial cell shape change. These data demonstrated 

new breadth to the requirements for Shroom3 in morphogenesis, and also provided a cell-

biological mechanism for Pitx transcription factors action during morphogenesis.   



 vi 

Next, we focused on understanding the transcriptional regulation of ciliogenesis. 

We first showed that Rfx2 transcription factor broadly controlled ciliogenesis, and by 

RNA- and ChIP-sequencing, we showed that Rfx2 directly regulated a wide range of 

genes encoding diverse ciliogenic machinery.  

Finally, in addition to ciliogenesis regulation, a large number of non-ciliary genes 

in our Rfx2 dataset led us to identify a novel role of Rfx2 in controlling insertion of 

multi-ciliated cells into the overlying mucociliary epithelium. Moreover, we showed here 

that Slit2, a target of Rfx2, was involved in multi-ciliated cell movements, possibly 

through mediating cortical E-cadherin level. This work allowed us to begin building a 

genetic network controlling multi-ciliated cells in mucociliary epithelium.  

Together, we showed a transcriptional regulation of apical constriction driving gut 

morphogenesis and a comprehensive transcriptional network that governs multi-ciliated 

cell development.   
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Chapter 1: General Introduction 

 

1.1 CELL SHAPE CHANGES ARE CRUCIAL FOR TISSUES MORPHOGENESIS AND FUNCTIONS 

As embryos develop, they undergo successive series of dynamic morphological 

changes that generate their final shape. These tissue movements are driven by a variety of 

morphogenetic engines, including cell rearrangements, oriented cell divisions, and 

changes in cell shape. Cell shape changes are particularly important for a wide range of 

epithelial tissues during embryonic development (Burnside and Jacobson, 1968; Jacobson 

and Gordon, 1976; Leptin and Grunewald, 1990; Schoenwolf, 1988). Well-known 

changes in cell shape include cilia assembly, apical constriction, junction remodeling, and 

basal constriction (Paluch and Heisenberg, 2009; Pilot and Lecuit, 2005; Sawyer et al., 

2010). The spatiotemporal control of these morphogenetic processes is responsible for the 

organization of various body plans and for organogenesis. For example, cilia are essential 

for the SHH signaling which controls proper digit formation and neuronal dorsal-ventral 

patterning (Murdoch and Copp, 2010; Satir and Christensen, 2007); apical constriction 

governs neural tube closure and lens invagination (Haigo et al., 2003; Hildebrand and 

Soriano, 1999; Plageman et al., 2010); junctional remodeling drives Drosophila germ 

band extension and Xenopus kidney tube elongation (Bertet et al., 2004; Lienkamp et al., 

2012; Zallen and Wieschaus, 2004); and basal constriction controls tissue bending to 

form the midbrain-hindbrain boundary in zebrafish (Gutzman et al., 2008).  

Realizing that complex three-dimensional tissues can be generated from changes 

in cell morphology leads us to ask a central problem: how to specify the correct cellular 
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behavior in a discrete group of cells during development. For my doctoral studies, I have 

chosen to focus on cilia, and apical constriction.  

 

1.2 CILIA 

Cilia are microtubule-based organelles that project from most eukaryotic cell 

types, and play diverse and essential roles in tissue to function (Afzelius, 1995; Ibanez-

Tallon et al., 2003; Zariwala et al., 2007). In general, cilia can be categorized into two 

groups, primary cilia and motile cilia. Primary cilia are short, immotile, have widespread 

distribution, and play essential roles in signal sensing and transduction, such as 

photoreception and the transducing the SHH signaling pathway. Motile cilia, on the other 

hand, are typically much longer and are responsible for generating directional fluid flows. 

Therefore, motile cilia are present in more restricted tissues, such as the ventricles of 

brain, the airways, the oviducts, and in a specialized region of the notochord responsible 

for generating left-right asymmetry (Gerdes et al., 2009; Goetz and Anderson, 2010; Roy, 

2009).  

A cilium is a complex organelle that has various compartments, such as a basal 

body, an axoneme, and ciliary membrane. By combining comparative genomics and 

proteomics data, thousands of cilia-associated genes have been identified (Avidor-Reiss 

et al., 2004; Blacque et al., 2005; Efimenko et al., 2005; Li et al., 2004; Ostrowski et al., 

2002; Pazour et al., 2005; Smith et al., 2005; Stolc et al., 2005). Although many of these 

genes have not yet been functionally studied, the large data set reflects the multifaceted 

roles that cilia play in development and homeostasis.   

The link between pathological phenotypes and ciliary defects in humans was first 

reported in 1976, in which immotile sperm, chronic bronchitis, and situs inversus was 
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shown to be due to the lack of outer dynein arms (Afzelius, 1976). More recently, 

completion of the human genome sequence coupled with spontaneously mutated and 

gene-targeted animal models has led to a multitude of human disease being attributed to 

cilia dysfunction. Together, these human syndromes are termed ciliopathies (Badano et 

al., 2006; Fliegauf et al., 2007). Often, the overlapping phenotypes such as encephalocele 

(caused by failure of neural tube closure), retinal degeneration, polydactyly, situs 

inversus, and cysts in the kidney, liver, and pancreas are present in these diseases.   

Given that cilia formation is a complex cell shape change, the transcriptional 

regulation govern this process is expected to be precisely controlled. However, the factors 

and mechanisms underlying direct transcriptional activation of ciliary genes remain 

poorly studied. The transcriptional regulation of cilia assembly will be introduced in the 

section 1.2.3.   

 

1.2.1 Basal body 

The basal body is a modified centriole and serves as an organizing center for the 

cilia (Sorokin, 1962). In primary cilia, the basal body directly develops from mother 

centrioles of a G1 or G0 stage cell. In multi-ciliated cells, basal bodies form de novo deep 

in the cytoplasm (Sorokin, 1968). During early ciliogenesis of multi-ciliated cells, 

multiple centrioles have been observed attached to an electron-dense structure known as 

the deuterosome (Sorokin, 1968). Hence, it has been hypothesized that the deuterosome 

may be essential for the formation of multiple centrioles. However, no components of the 

deuterosome have yet been identified. Thus, the cellular mechanisms controlling the 

duplication of centrioles in multi-ciliated cells remain unclear.  
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Once centrioles form, they traffic to the cell surface and subsequently dock at the 

plasma membrane to initiate axonemal elongation (Reiter et al., 2012). During this 

process, various accessory structures associate with centrioles, including ciliary vesicles, 

transition fibers, basal feet, and ciliary rootlets (Anderson and Brenner, 1971). The 

functions of these accessory structures have been explored by identifying their essential 

molecular components. For example, Rootletin has been identified as a major component 

of rootlet structures, and was found to provide essential structural support for the cilium 

(Yang et al., 2005; Yang et al., 2002). Ninein, a component of the basal foot, has been 

shown to promote centriolar microtubule nucleation and anchoring (Delgehyr et al., 

2005; Ishikawa et al., 2005). Ninein is recruited by Odf2, which is required for basal foot 

formation, which in turn coordinates ciliary beating (Kunimoto et al., 2012); A ciliopathy 

gene, Ofd1, is required for recruiting Cep164 to transition fibers and regulates the 

docking and anchoring the centriole to membranes (Ferrante et al., 2001; Singla et al., 

2010). In addition to serving as the main membrane attachment point for the basal body, 

transition fibers represent a physical barrier for vesicle transport, as the small inter-fiber 

spaces were found to define the membrane boundary at which cilium-destined vesicles 

can fuse (Doolin and Birge, 1966; Geimer and Melkonian, 2004; Hagiwara et al., 2008; 

Ringo, 1967). Indeed, in photoreceptor cells, only vesicles containing essential factors 

such as IFT proteins can be found within the transition fiber region (Sedmak and 

Wolfrum, 2010, 2011). Therefore, it is believed that transition fibers are important 

docking and assembly sites for IFT proteins (Deane et al., 2001; Sedmak and Wolfrum, 

2010, 2011; Williams et al., 2011).   
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1.2.2 Axonemes 

The mechanisms that underlie ciliary axoneme construction have been intensively 

studied. Axonemal components are transported by a highly conserved machinery, 

intraflagella transport (IFT) (Ishikawa and Marshall, 2011; Rosenbaum and Witman, 

2002). The IFT particle contains two sub-complexes, IFT-A and IFT-B (Cole et al., 1998; 

Piperno and Mead, 1997). The IFT-A complex governs anterograde trafficking, during 

which it transports ciliary building materials to the 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 the retrograde trafficking by associating with a dynein motor to 

recycle ciliary components back to the base of cilia (Fig. 1.1) (Pazour et al., 1999; Porter 

et al., 1999; Tsao and Gorovsky, 2008).      

 

1.2.2.1 Microtubules 

Microtubules (MTs) are the backbones of the axonemes. The MTs can be 

organized into the two most common axoneme configurations, 9 + 2 (9 peripheral MT 

doublets and 2 single central MTs) and 9 + 0 (only 9 peripheral MT doublets). The 9 + 2 

and 9 + 0 MTs are usually found in motile and immotile cilia, respectively, with several 

exceptions, such as motile 9 + 0 cilia in the mouse embryonic node (Nonaka et al., 1998), 

motile 9 + 0 ependymal cilia in the zebrafish spinal cord (Kramer-Zucker et al., 2005), 

and immotile 9 + 2 cilia in frog olfactory epithelium (Reese, 1965). The doublet is 

composed of two tubules: a complete microtubule containing 13 tubulin protofilaments 

(A-tubule) and an incomplete tubule of 10 protofilaments (B-tubule) (Fig. 1.1) (Downing 

and Sui, 2007).   
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Several types of axonemal tubulin post-translational modifications (PTM) have 

been demonstrated, including acetylation, detyrosination, glutamylation, glycylation, and 

tyrosination (Huitorel et al., 2002; Westermann and Weber, 2003). Tubulin PTMs are 

involved in various aspects of cilia assembly or function. For example, tubulin 

acetylation, glutamylation, and glycylation can be required for proper cilia formation 

(Gaertig and Wloga, 2008; Loktev et al., 2008; Pathak et al., 2007; Rogowski et al., 2009; 

Wloga et al., 2008; Wloga et al., 2009). The ciliogenesis defects caused by loss of these 

modifications can be either due to the instability of MTs or the failures of IFT 

transporting which requires motor proteins move along modified MTs (Pedersen and 

Rosenbaum, 2008). Recent studies have identified enzymes that catalyze tubulin 

glutamylation and have uncovered that a key function of glutamylation is ciliary motility 

(Campbell et al., 2002; Kubo et al., 2010; Suryavanshi et al., 2010). Tubulin 

detyrosination has been implicated in controlling flagellar beating (Johnson, 1998). 

However, no functional evidence has been shown yet.  

 

1.2.2.2 Dynein 

Dyneins are motor proteins responsible for generating the force to enable motile 

cilia beating and wave formation (Wickstead and Gull, 2007). Axonemal dyneins are 

localized between neighboring MT doublets where they anchor to the A-tubule and slide 

along the B-tubule of the adjacent doublet to generate cilia movement. Generally, dynein 

arm structures are categorized into the outer dynein arms (ODA) and the inner dynein 

arms (Otsuki et al.) depending on their axonemal localization (Fig. 1.1C). Studies in 

different experimental systems have indicated that the ODA regulates ciliary beat 

frequency whereas IDA controls the amplitude of axonemal bending (Brokaw and 



 7 

Kamiya, 1987; Salathe, 2007; Wirschell et al., 2007). To date, five dynein proteins have 

been identified as ciliopathy genes, including DNAH5, DNAHI1, DNAI1, DNAI2, and 

TXNDC3 (Bartoloni et al., 2002; Duriez et al., 2007; Loges et al., 2008; Olbrich et al., 

2002; Pennarun et al., 1999).    

  

1.2.2.2 Radial spoke 

The radial spokes are T-shaped complexes anchored to the A-microtubule of the 

outer doublets that project towards the central pair (Warner, 1970; Warner and Satir, 

1974). Radial spokes are highly conserved and at least 23 components have been found in 

ciliated organisms (Huang et al., 1981; Luck et al., 1977; Piperno et al., 1981; Sturgess et 

al., 1979; Witman et al., 1978; Yang et al., 2001; Yang et al., 2006). It has been shown 

that radial spoke proteins function with the central MT to regulate dynein activity. Hence, 

the failure of assembly causes motile cilia/flagellar paralysis (Castleman et al., 2009; 

Warner and Satir, 1974; Witman et al., 1978). Notably, two radial spoke proteins, RSPH9 

and RSPH4A, were identified as human ciliopathy genes (Castleman et al., 2009).    
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1.2.3 Transcriptional control of cilia assembly 

Cilia and flagella are highly conserved structures and are likely to have evolved 

from a common ancestor. The transcriptional regulation of ciliary gene expression was 

first documented in Chlamydomonas, in which deflagellation and subsequent regrowth of 

the flagella can be induced by chemical or mechanical stress (Keller et al., 1984; 

Lefebvre et al., 1978; Lefebvre et al., 1980; Silflow et al., 1982). Although many ciliary 

genes have been identified in Chlamydomonas, the upstream transcription factors are 

largely unknown in this organism. The transcriptional regulation of ciliary genes have 

been more explored in metazoans. Two major families of transcription factors have been 

identified: FOXJ1 (forkhead box J1) and RFX (regulatory factor X) (Thomas et al., 

2010).  

FOXJ1 is a forkhead/winged-helix transcription factor and orthologues have been 

found in vertebrates and many invertebrates, including sea urchins and planaria. 

However, no orthologues of Foxj1 have been identified in ecdysozoa, such as C. elegans 

and Drosophila (Mazet et al., 2003). Several studies indicate that FOXJ1 is crucial for 

motile cilia formation in Xenopus, zebrafish, and mice (Brody et al., 2000; Chen et al., 

1998; Jacquet et al., 2009; Stubbs et al., 2008; Yu et al., 2008). Many Foxj1 target genes 

encode proteins that are exclusive to motile axonemal structures and are involved in cilia 

motility, such as subunits of axonemal dyneins (Dnahc9, Dnaic1, and Dnali1), a central 

pair complex component (spag6), and radial spoke proteins (Rsph4a, Rsph1, and Rshl2).    

  RFX/DAF-19 proteins are wing-helix transcription factors that bind to the so-

called X-box motif on DNA (Reith et al., 1990). The RFX transcription factor family has 

been shown to play key roles in ciliogenesis control in C. elegans, Drosophila, and 

vertebrates (Ait-Lounis et al., 2007; Ashique et al., 2009; Baas et al., 2006; Bisgrove et 
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al., 2012; Bonnafe et al., 2004; Chung et al., 2012; Dubruille et al., 2002; El Zein et al., 

2009; Swoboda et al., 2000). Pioneering work demonstrating the essential role of RFX in 

regulating ciliogenesis was first carried out in C. elegans (Swoboda et al., 2000). 

Moreover, several ciliary RFX target genes were identified in this study. Importantly, this 

work led to subsequent genome-wide studies that used the X-box motif to identify novel 

ciliogenesis factors in C. elegans and in other organisms (Avidor-Reiss et al., 2004; 

Blacque et al., 2005; Chen et al., 2006; Efimenko et al., 2005; Haycraft et al., 2001; Li et 

al., 2004; Schafer et al., 2003; Winkelbauer et al., 2005). In vertebrates, seven distinct 

RFX genes (RFX 1-7) have been identified (Aftab et al., 2008; Emery et al., 1996). To 

date, RFX2, RFX3, RFX4 have been shown to have crucial role in ciliogenesis (Ait-

Lounis et al., 2007; Ashique et al., 2009; Baas et al., 2006; Bisgrove et al., 2012; Bonnafe 

et al., 2004; Chung et al., 2012; El Zein et al., 2009). Unlike Foxj1, RFX proteins directly 

control transcription of a wide range of essential ciliogenesis genes, including IFT-B 

particles, BBS proteins, axonemal dyneins, transition zone factors, basal body 

components, and rootlet proteins (Thomas et al., 2010).   

 Besides FOXJ1 and RFX proteins, several other transcription factors have been 

identified that control genes involved in ciliary assembly or function (Arai et al., 2009; 

Beckers et al., 2007; Gresh et al., 2004; Hiesberger et al., 2005; Pierreux et al., 2006). 

The transcription factor HNF1ß (hepatocyte nuclear factor 1ß) plays an essential role in 

kidney homeostasis and HNF1ß-deficient mice show polycystic kidney disease, a 

common feature of ciliopathies in humans (Gresh et al., 2004; Igarashi et al., 2005). ChIP 

approaches have identified several ciliary genes as direct targets of HNF1ß, including 

Pkhd1 (polycystic kidney and hepatic disease 1), Pkd2 (polycystic kidney disease 2), 

Ift88, and collectrin (Gresh et al., 2004; Hiesberger et al., 2005). To date, no data suggest 
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the involvement of HNF1ß in ciliogenesis in other tissues, implicating an important 

tissue-specific role of HNF1ß in governing cilia assembly in kidneys.   

 

1.3 APICAL CONSTRICTION 

Apical constriction occurs throughout the metazoa and plays an important role in 

tissue morphogenesis. Apical constriction leads to a stereotyped change in cell shape 

from cuboidal to bottle-shape (Kam et al., 1991; Keller, 1981; Schoenwolf and Franks, 

1984; Sweeton et al., 1991). When a group of cells undergo apical constriction together, 

this change can drive bending of epithelial tissues (Lewis, 1947). It has been shown that, 

in many organisms, apical constriction is essential at early stages of embryogenesis 

(Anstrom, 1992; Davidson et al., 1995; Hardin and Keller, 1988; Kam et al., 1991; 

Keller, 1981; Lee and Goldstein, 2003; Schoenwolf and Alvarez, 1989; Schoenwolf and 

Franks, 1984). For example, invagination controlled by apical constriction is important 

for the proper organization of the endoderm during gastrulation of sea urchin (Anstrom, 

1992; Davidson et al., 1995), Drosophila (Kam et al., 1991; Leptin and Grunewald, 1990; 

Sweeton et al., 1991), C. elegans (Lee and Goldstein, 2003), and Xenopus embryos 

(Hardin and Keller, 1988; Keller, 1981). Neurulation in Xenopus, chicken, and mice also 

depends on the bending and invagination of the neuroepithelium (Haigo et al., 2003; 

Hildebrand and Soriano, 1999; Schoenwolf and Alvarez, 1989; Schoenwolf and Franks, 

1984). Moreover, apical constriction is also required for placode invagination in tissues 

such as the lens and trachea (Brodu and Casanova, 2006; Plageman et al., 2010; Ready et 

al., 1976; Tomlinson, 1985).    
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1.3.1 Molecules that are involved in apical constriction 

 Apical constriction can play crucial roles in a wide range of morphogenetic 

movements, including the internalization of a small number of cells, the bending of cell 

sheets, and the initiation of tube formation. One common mechanism that has been 

demonstrated to control apical constriction is the localization and activation of myosins 

that contract the F-actin meshwork on the apical sides of cells. Mechanisms underlying 

spatial regulation of the contractile actomyosin network vary between organisms. 

Generally, they can be localized to the apical surface by diverse sources of apicobasal 

polarity information (Sawyer et al., 2010). For example, apical localization of myosin is 

controlled by apicobasal PAR proteins in C. elegans (Nance et al., 2003); the apically 

localized protein Fog in Drosophila (Dawes-Hoang et al., 2005); and the apically 

localized protein, Shroom3, in Xenopus, mouse, and chick (Haigo et al., 2003; 

Hildebrand, 2005b; Hildebrand and Soriano, 1999; Lee et al., 2007; Nishimura and 

Takeichi, 2008; Plageman et al., 2010). These proteins then induce a signaling cascade, 

during which apically recruited Rho activates Rho kinase and Rho kinase further 

activates myosin light chain kinase (MLCK), which phosphorylates and activates myosin.      

  

1.3.2 Transcriptional control of cell shape changes 

 It is crucial for cell shape regulators to be turned on in the right places and at the 

right time to regulate tissue morphogenesis. Essential signals have been shown to direct 

cells to undergo morphological changes. For example, Wnt/Frizzled and FGF signaling 

have been implicated in regulating invagination during sea urchin gastrulation (Croce et 

al., 2006; Rottinger et al., 2008), and GATA factors are necessary for early cell 

internalization in C. elegans (Lee et al., 2006). To date, however, direct transcriptional 
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regulation of apical constriction has only been explored in Drosophila (Kolsch et al., 

2007; Zeitlinger et al., 2007).     

Two transcription factors, Snail and Twist, have essential roles in controlling 

furrow invagination during Drosophila gastrulation (Simpson, 1983; Thisse et al., 1987). 

Two targets of Twist that involve in apical constriction have been identified by far 

(Kolsch et al., 2007; Zeitlinger et al., 2007). Folded-Gastrulation (Fog) is a secreted 

molecule and is both necessary and sufficient to drive apical constriction in epithelial 

cells (Costa et al., 1994; Morize et al., 1998). A second downstream target of Twist, the 

transmembrane protein T48, functions in parallel with Fog to govern cell shape changes 

(Kolsch et al., 2007). These study show that Twist not only governs cell fate 

determination, but also directly controls cell behaviors during Drosophila gastrulation. It 

would be interesting to examine whether cell fate and cell shape change can be directly 

driven by the same upstream transcription factors in other tissues or organisms.  
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Chapter 2: Direct activation of Shroom3 transcription by Pitx proteins 
drives epithelial morphogenesis in the developing gut 

 

2.1 INTRODUCTION 

Shroom3 is necessary for both apical cell elongation and apical constriction to 

drive neural epithelium folding and closing (Haigo et al., 2003; Lee et al., 2007). 

Shroom3 acts via the actin cytoskeleton to drive apical constriction, whereas it controls 

apicobasal cell elongation by repositioning the microtubule nucleator, γ-tubulin (Fairbank 

et al., 2006; Haigo et al., 2003; Hildebrand, 2005a; Lee et al., 2007). How a single protein 

acts to govern multiple cytoskeletal rearrangements remains unclear, but Shroom3 

function has been shown to involve several effector proteins, including Mena, myosin II, 

the Rap1 GTPase, and Rho kinase, and γ-tubulin (Haigo et al., 2003; Hildebrand, 2005a; 

Hildebrand and Soriano, 1999; Lee et al., 2007; Nishimura and Takeichi, 2008).  

Nonetheless, while Shroom3 is central to epithelial cell shape change in vertebrates, 

several important issues remain unresolved. 

First, epithelial cell shape changes in vertebrates have only been studied in any 

detail in the folding epithelium of the neural plate, where Shroom3 is essential.  

However, apical constriction and cell elongation are observed in several 

morphogenetically active epithelial tissues.  Indeed, Shroom3 is expressed in several 

thickened epithelial sheets (Lee et al., 2009), but its function in these tissues has not been 

tested experimentally.  Of particular interest is the gut, where complex changes in the 

thickness of cell sheets are important for morphogenesis (Chalmers and Slack, 1998; 

Davis et al., 2008; Muller et al., 2003; Reed et al., 2009) Interestingly, cell 

rearrangements that shape the posterior gut appear not to act anteriorly (Larkin and 
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Danilchik, 1999; Li et al., 2008). Thus, cell shape changes may be of particular 

importance in the anterior gut.  Shroom3 mutant mice display gross gastroschisis 

(Hildebrand and Soriano, 1999), but whether or not Shroom3 controls cell shape changes 

during gut morphogenesis remains an important and unanswered question.   

A second crucial question concerns transcriptional regulation of cell shape change 

in vertebrates.  Indeed, though transcriptional control of cell shape change has been 

studied in Drosophila (e.g. (Kolsch et al., 2007; Morize et al., 1998), transcriptional 

control of epithelial cell shape in vertebrate animals remains largely unstudied.  

Understanding the links between transcriptional regulation and cytoskeletal activity will 

be central to understanding developmental tissue morphogenesis.  Tantalizing 

candidates for transcriptional control of Shroom3 are the Pitx family of transcription 

factors (Gage et al., 1999).  For example, Pitx2 is required for left-right asymmetric 

morphogenesis, and its expression has been correlated with changes in cell shape (Davis 

et al., 2008; Rodriguez-Leon et al., 2008).  In addition, reduced Pitx1 expression 

correlates with defective morphogenesis in the foregut (Matsuyama et al., 2009).  

However, nothing is yet known about the transcriptional targets of Pitx proteins that may 

mediate epithelial morphogenesis.   

Here, we show that Shroom3 is expressed in the epithelium of the developing gut 

and that it is required for cell shape changes and morphogenesis in this tissue. We then 

show that that Shroom3 expression in the gut is under the control of Pitx1 and, moreover, 

that Pitx1 is required for gut morphogenesis. To link these two findings, we show that 

Pitx transcription factors can directly activate Shroom3 transcription via a Pitx-responsive 

regulatory element in the genomic DNA upstream of Shroom3. Finally, we show that 

ectopic expression of Pitx transcription factors in epithelial cells is sufficient to induce 

Shroom3-dependent apical constriction, apicobasal cell elongation, and microtubule 
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assembly.  Pitx transcription factors can drive these cell shape changes without 

activating the transcription of any known Shroom3 effectors. These data therefore define 

a surprisingly direct genetic system that is necessary and sufficient to initiate epithelial 

cell shape changes that drive gut morphogenesis in a vertebrate. 

 

2.2 RESULTS 

2.2.1 Shroom3 is essential for morphogenesis in the developing vertebrate gut 

Given the ability of Shroom3 to direct epithelial cell shape change, we first asked 

if Shroom3 was expressed in the developing gut, where changes in cell shape are 

correlated with morphogenesis.  Indeed, we found that Shroom3 was expressed strongly 

and widely in the epithelium of the developing gut, with particularly intense expression in 

the foregut and the caudal hindgut (Appendix Fig. B.1A).  

To ask if Shroom3 plays a general role in gut morphogenesis, we collaborated 

with Dr. Nascone-Yoder and Dr. Drysdale to disrupted its function using a well-

characterized dominant-negative construct, Shroom3745-1108  (DN-Shrm3; (Haigo et al., 

2003; Lee et al., 2007).  Using targeted microinjection (Muller et al., 2003), we 

delivered mRNAs encoding either GFP alone or GFP together with DN-Shrm3 

specifically to the developing gut.  GFP expressing gut elongated and coiled normally 

and GFP-positive cells within these control guts took on an apicobasally elongated, high-

columnar morphology that was indistinguishable from neighboring, non-expressing cells 

in the gut epithelium (Appendix Fig. B.1B, b’, D).  By contrast, guts of embryos co-

injected with DN-Shrm3 failed to properly elongate and coil (Appendix Fig. B.1C, c’).  

Moreover, the GFP-positive cells in embryos co-expressing DN-Shrm3 were rounded in 

appearance and GFP-positive regions of the gut epithelium were noticeably disorganized 
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(Appendix Fig. B.1E). These data demonstrate a requirement for Shroom3 in gut 

morphogenesis in Xenopus. Shroom3 is similarly expressed in the fore- and hindgut of 

the mouse, and while Shroom3 mutant mice display gross gastroschisis (Hildebrand and 

Soriano, 1999), that phenotype has not yet been examined in any detail.  Our results thus 

suggest that Shroom3 may play a conserved role in vertebrate gut morphogenesis.  

 

2.2.2 Shroom3 is essential for cell shape changes during gut morphogenesis 

Shroom family proteins are known to be necessary and sufficient to drive cell 

shape changes in epithelial sheets, including apical constriction and apicobasal cell 

elongation (Haigo et al., 2003; Lee et al., 2009; Lee et al., 2007).  However, the role of 

Shroom3 in controlling cell shape changes in non-neural tissues has not been explored in 

detail.  Due to the complex morphologies in the gut at later stages, we chose to examine 

the cell biological role of Shroom3 is a less-complex endodermal epithelium, the 

archenteron floor, where Shroom3 is also strongly expressed (Fig. 2.1A, B).   

The archenteron floor has a V-shaped morphology, and elongated, apically-

constricted cells are in evidence (Fig. 2.1C).  To quantify the morphology of this tissue, 

we measured the angle at which the two sides of the epithelium intersect; this angle in 

control embryos was 80 ± 6° (mean ± SEM).  We disrupted Shroom3 function by 

injection of an antisense morpholino-oligonucleotide (Davidson et al.) that effectively 

blocks splicing of the Shroom3 mRNA (Haigo et al., 2003; Lee et al., 2007).  Consistent 

with a role for Shroom3 in apical constriction of these cells, injection of Shrm3-MO 

consistently resulted in a loss of the V-shaped morphology of the archenteron floor (Fig. 

2.1D); the  
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Figure 2.1. Shroom3 is essential for the cell shape change during the gut 

morphogenesis 
 
(A) A schematic diagram of the transverse section view of the stage 32 embryo. (B) 
Shroom3 expression pattern at stage 32, note robust Shroom3 expression in archenteron 
floor and roof. (C) α-tubulin staining of archenteron floor in the control embryo. 
Archenteron floor displays V-shaped morphology. (D) Archenteron floor morphology is 
disrupted and MT arrays are reduced in cells lacking Shroom3. We observed the less 
acute archenteron floor angle in Shroom3MO-injected embryos, 121 ± 7º (mean ± s.e.m.; 
n= 20), compared to control embryos 80 ± 4º (mean ± s.e.m.; n= 10, p=0.001, Mann-
Whitney U test). Moreover, archenteron floor thickness is reduced from 157 ± 3 (mean ± 
s.e.m.; n=13) in control embryos to 135 ± 3 (mean ± s.e.m.; n=21, p<0.001) in 
Shroom3MO-injected embryos. (E) γ-tubulin staining of archenteron floor in the control 
embryo. (F) γ-tubulin accumulates less in archenteron floor cells lacking Shroom3. (G) 
ZO-1 staining of archenteron floor cells. (H) The apical surface of archenteron floor cells 
is less constricted in the Shroom3 knockdown embryo. ZO-1 localization is not affected. 
Scare bar represents 10 μm. 
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average angle for morphants was significantly less acute, 130 ± 12° (P<0.01).  Injection 

of a 5bp mismatch MO had no effect. 

Shroom3 is essential for the assembly of apicobasally aligned microtubules (MTs) 

that contribute to cell shape changes in the neural epithelium (Lee et al., 2007).  

Likewise, we observed that Shroom3 knockdown caused a significant reduction in 

epithelial thickness as well as a marked reduction of MT assembly in epithelial cells of 

the archenteron floor (Fig. 2.1C, D).    

In neural tissues, Shroom3 knockdown results in a loss of g-tubulin accumulation 

in cells that are actively changing shape but does not affect the localization of the tight 

junction marker ZO-1 (Lee et al., 2007).  We likewise observed that Shroom3 

knockdown in the archenteron floor resulted in a loss of accumulated g-tubulin, though 

localization of ZO-1 was not affected (Fig. 2.1E-H). Together, these data thus reveal a 

role for Shroom3 in controlling cell shape change, cytoskeletal organization, and tissue 

morphogenesis in the developing Xenopus endoderm.  Shroom3 mutant mice display a 

gross gut defect, but the cellular basis of that defect has not been reported.  Because the 

cell biological basis of Shroom3 function in the neural plate is conserved between mice, 

frogs, and chicken (Haigo et al., 2003; Hildebrand, 2005b; Nishimura and Takeichi, 

2008), our data here argue that Shroom3 controls vertebrate gut morphogenesis by 

regulating epithelial cell shape changes. 

 

2.2.3 Pitx1 controls Shroom3 expression in the developing gut 

Shroom3 is sufficient to drive dramatic changes in cell shape even in the absence 

of new transcription (Haigo et al., 2003; Lee et al., 2007), so understanding the 

transcriptional regulation of Shroom3 itself will be important. We noted that Shroom3 
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was co-expressed with Pitx1 in the developing endoderm. Both Shroom3 and Pitx1 were 

strongly expressed in the epithelium of the late archenteron, with intense expression in 

the archenteron roof and floor (Fig. 2.2A, B and see (Schweickert et al., 2001)).  At later 

stages, Pitx1 and Shroom3 were co-expressed, particularly in the foregut (Fig. 2.2D, E).  

This co-expression pattern was of interest to us, since Shroom3 drives apicobasal cell 

elongation, and the apicobasal elongation of cells of the Xenopus gut varies along the 

anteroposterior axis (Chalmers and Slack, 1998). The co-expression data led us to ask if 

Pitx1 may govern Shroom3 expression in the developing gut.  

We inhibited Pitx1 function using morpholino-oligonucleotides to disrupt 

translation of the mRNA.  We observed dramatic reduction of Shroom3 expression in 

the archenteron floor of Pitx1 morphants (Fig. 2.3A, B; red box). At later stages, when 

Shroom3 expression is evident in the foregut (Fig. 2.4A, C, black arrow), this expression 

was also clearly reduced following injection of the Pitx1 MO (Fig. 2.4B, D, red arrow). 

These data suggest that Pitx1 is required for Shroom3 transcription in the foregut. 

 

2.2.4 Pitx1 is required for Xenopus gut morphogenesis 

Since Pitx1 is required for Shroom3 expression and Shroom3 is in turn required 

for gut morphogenesis, we predicted that Pitx1 knockdown should phenocopy the result 

of Shroom3 knockdown. Indeed, we observed that knockdown of Pitx1 resulted in a 

reduced apicobasal thickness and a failure of the archenteron floor to take on its normal, 

acutely-bent morphology (Fig. 2.3C, D; control angle = 62 ± 5°; morphant angle = 132 ± 

4° (mean ± SEM); P<0.001). Moreover, at later stages, Pitx1 morphants displayed a 

failure of elongation and looping in the foregut that corresponded to regions of reduced 

Shroom3 expression (Fig. 2.4B, B’ D, D’).  
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Figure 2.2. Pitx1 and Shroom3 are co-expressed in the developing gut 
 
Expression patterns of (A) Pitx1 and (B) Shroom3 at stage 32 transverse section view. 
Both Shroom3 and Pitx1 are expressed in the archenteron roof and floor. (C) A schematic 
diagram of the transverse section view of the stage 32 embryo. At stage 44, ventral view 
of dissected guts reveals both (D) Pitx1 and (E) Shroom3 are expressed in the foregut 
(arrows).   

 

 

 



 21 

 

 

 

 

 

Figure 2.3. Pitx1controls Shroom3 expression in the developing gut  
 
(A) Transverse section view of Shroom3 expression in the control embryo. (B) 
Transverse section view of Shroom3 expression in the Pitx1 MO-injected embryo. 
Shroom3 expression is reduced in the archenteron floor. Red boxes approximate region 
shown at higher magnification in panels C to F. (C) α-tubulin staining of control 
archenteron floor cells. (D) α-tubulin staining of archenteron floor cells lacking Pitx1; the 
archenteron floor fails to take on its deep V-shaped morphology, showing average 
archenteron floor angle 129 ± 6º (mean ± s.e.m.; n= 15), compared to control embryos 68 
± 6º (mean ± s.e.m.; n= 12, p<0.0001). Moreover, the archenteron thickness reduces from 
207 ± 6 (mean ± s.e.m.; n= 13) to 157 ± 8 (mean ± s.e.m.; n= 17, p< 0.001). (E) γ-tubulin 
staining of archenteron floor in the control embryo. (F) γ-tubulin accumulates less in 
archenteron floor cells lacking Pitx1. (G) ZO-1 staining of archenteron floor cells. (H) 
The apical surface of archenteron floor cells is less constricted in the Pitx1 knockdown 
embryo. ZO-1 localization is not affected. Scare bar represents 10 μm 
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Figure 2.4. Pitx1 is essential for Xenopus gut morphogenesis 
 
(A) Ventral and (C) lateral views of a stage 44 dissected gut reveal Shroom3 expression 
in the foregut. Black arrow in (A). (B) Ventral and (D) lateral views of dissected guts 
lacking Pitx1 reveal reduced Shroom3 expression in the foregut (red arrow). (a’) A 
schematic diagram of the Shroom3 expression pattern (purple) and gut looping (black 
line) in (A). (b’) A schematic diagram of (B). The Pitx1 morphant displays the failure of 
looping (red line) in the foregut corresponding to regions of disrupted Shroom3 
expression. (c’) A schematic diagram of (C). (d’) A schematic diagram of (D). 
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At the cellular level, we noted that cells of the archenteron floor in Pitx1 

morphants, as compared to controls, failed to take on their narrow and apicobasally-

elongated morphology and failed to assemble robust apicobasally-aligned MT bundles 

(Fig. 2.3D). In addition, Pitx1 morphants displayed a reduction in γ-tubulin accumulation, 

though ZO-1 localization was normal (Fig. 2.3E-H). Thus, Pitx1 knockdown not only 

eliminates Shroom3 expression, but also recapitulates the phenotype of Shroom3 

disruption in terms of tissue morphogenesis, cell shape, and cytoskeletal organization.  

 

2.2.5 Ectopic expression of Pitx1 activates Shroom3 expression 

We noted that genes in the Pitx family were co-expressed with Shroom3 in tissues 

other than the gut, including the cement gland and the otic placodes (Lee et al., 2009; 

Pommereit et al., 2001; Schweickert et al., 2001). These findings led us to ask if Shroom3 

may be a general target of the Pitx family of transcription factors. To this end, we 

generated mosaic embryos using targeted microinjection of Pitx1 mRNA. Consistent with 

our hypothesis, mosaic Pitx1 expressing embryos displayed ectopic Shroom3 expression 

in the epidermis (Fig. 2.5A-D). Similar results were obtained with Pitx3 (Fig. 2.5E-H). 

Moreover, ectopic Pitx1 expression in the epidermis resulted in ectopic pigment 

accumulation, a phenotype that is similar to that caused by ectopic expression of 

Shroom3 (see below).   

We next confirmed these data by ectopically expressing Pitx1 in the pluripotent 

cells of early Xenopus embryos, the so-called animal cap.  We injected Pitx1 mRNA 

into the animal pole of early cleavage-stage embryos, and animal cap explants were 

removed at late blastula stages and cultured in vitro until mid-neurulation (Fig. 2.6I).  

RT-PCR  
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Figure 2.5. Ectopic Pitx1 activates Shroom3 expression 
 
(A) Stage 19 control embryo. (B) Ectopic Pitx1 induces ectopic pigment accumulation, 
similar to that induced by Shroom 3 expression (Haigo et al., 2003; Lee et al., 2007). (C) 
Shroom3 expression pattern in a control embryo. (D) Ectopic Pitx1 expression activates 
ectopic Shroom3 expression in the epidermis.  (E) Control and (F) Pitx3-injected 
embryos. Ectopic Pitx3 also induces pigment accumulation. (G) Control Shroom3 
expression pattern. (H) Ectopic Pitx3 expression activates ectopic Shroom3 expression in 
the epidermis. (I) Experimental scheme for animal cap assay. Pitx1 mRNA was injected 
into animal pole at 4-cell stage. Animal caps were dissected at stage 8 and cultured to 
stage 16. (J) Shroom3 and Shroom1 expression level in the whole mount, control caps, 
and Pitx1-injected caps were analyzed by RT-PCR using Xag-1 as a positive control and 
EF-1α as a loading control. Shroom3 expression is induced following Pitx1 expression. 
(K) Shroom3 expression is induced following Pitx3 expression in animal caps. 
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revealed that Shroom3 transcription was strongly induced by Pitx1 expression in these 

isolated cells (Fig. 2.5J).  As a positive control for Pitx1 action, we noted the induced 

expression of Xag1, a known downstream gene of Pitx1 (Schweickert et al., 2001). By 

contrast, Shroom1, another Shroom family gene (Hagens et al., 2006) was not induced by 

ectopic Pitx1 (Fig. 2.5J). Similar results were also obtained with Pitx3 (Fig. 2.5K).   

Together, these data indicate that Pitx transcription factors are sufficient to drive 

Shroom3 expression; we therefore conclude that Shroom3 acts downstream of Pitx1 to 

control gut morphogenesis. 

 

2.2.6 Pitx1 directly activates Shroom3 transcription 

To assess whether Shroom3 is a direct target of Pitx1, we asked if Shroom3 

transcription could still be activated by Pitx1 in the absence of protein synthesis. For this 

experiment, we precisely controlled the onset of Pitx1 activity using glucocorticoid-

activatable Pitx constructs (Pitx-GR). This Pitx-GR fusion protein remains in the 

cytoplasm, and thus inactive, until addition of dexamethasone (DEX) activates the 

protein by allowing it to translocate into the nucleus (Gammill and Sive, 1997; Kolm and 

Sive, 1995). The mRNA encoding Pitx1-GR was injected and animal caps dissected as 

described above. However in this experiment, animal caps were first incubated with 

cycloheximide (CHX) to block translation and only later treated with dexamethasone 

(DEX) to activate Pitx1-GR (Fig. 2.6A). Using RT-PCR, we observed that the 

transcription of Shroom3 and Xag1 were clearly induced by active Pitx1-GR, but not by 

the inactive Pitx1-GR in the absence of DEX (Fig. 2.6B, lanes 3,4). Moreover, expression 

of Shroom3 was consistently induced in the presence of both DEX and CHX, indicating 

that it was a direct target of Pitx1 (Fig. 2.6B, lane 5).  In contrast, Xag1 was  
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Figure 2.6. Pitx1 directly activates Shroom3 transcription 
 
(A) Experimental scheme. Pitx1-GR mRNA was injected into animal pole at 4-cell stage. 
Animal caps were dissected at stage 8 and cultured. At stage 13, caps were treated with 
cycloheximide (CHX) first for 10 minutes and then treated with dexamethasone (DEX) 
and cultured to stage 16. (B) Shroom3 and Xag-1 expression are induced by active Pitx1. 
Shroom3 is consistently induced in the presence of both CHX and DEX, though Xag-1 is 
not activated by DEX in the presence of CHX.  The same experiment mentioned in (A) 
was applied using (C) Pitx2-GR and (D) Pitx3-GR mRNA and similar data were 
obtained.   
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not activated by DEX in the presence of CHX (Fig. 2.6B, Lane 6). Similar data were 

obtained with Pitx2-GR and Pitx3-GR (Fig. 2.6C, D).   

Since Shroom3 is a direct target of Pitx transcription factors, we then identified 

where Pitx consensus binding sites were in the vicinity of the Shroom3 gene. We found 

many imperfect Pitx sites near the Shroom3 transcriptional start site in the Xenopus 

tropicalis genome, but three ideal Pitx consensus binding sites (T A A T/G C C; 

(Lamonerie et al., 1996)) were identified at around 12kb upstream of the Shroom3 

transcriptional start (Fig. 2.7A). The genomic DNA from the putative regulatory region 

containing these sites (shr3-12K) was placed upstream of a minimal promoter driving 

luciferase (Fig. 2.7B). A plasmid containing this reporter construct was then injected into 

embryos that were cultured and then analyzed for luciferase activity (Fig. 2.7C). The 

shr3-12K construct drove only very modest expression of luciferase in control embryos.  

However, expression of Pitx1 by mRNA injection increased luciferase activity ~18 fold 

above the basal level observed with the minimal promoter only. Together, these data 

suggest that Pitx transcription factors directly activate Shroom3 transcription. 

 

2.2.7 Ectopic Pitx1 induces epithelial cell shape change and assembly of parallel 
microtubule arrays 

Shroom3 is sufficient to drive epithelial cell shape change (Haigo et al., 2003; Lee 

et al., 2007). If Pitx factors induce Shroom3 expression, then we would predict that 

ectopic Pitx1 would induce similar changes in cell shape. We ectopically expressed Pitx1 

mRNA in the epidermis; we then compared cell morphology in Pitx1 expressing cells to 

that of neighboring, non-expressing cells. To trace cells expressing ectopic Pitx1, 

histone2B-GFP mRNA was co-injected. We found that Pitx1-expressing epithelial cells 
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Figure 2.7. A Pitx1-responsive enhancer is located 12kb upstream of the Shroom3 

transcript 
 
(A) Three Pitx1 consensus binding sites are located in a cluster ~12kb upstream of the 
Shroom3 transcript. (B) The fragment containing these three sites was cloned into pGL3-
Cska minimal promoter-Luciferase vector. Embryos were injected with luciferase 
reporter constructs and Pitx1 mRNA into each blastomere at 4-cell stage as indicated in 
(C).  Embryos were collected at stage 12 for luciferase assays. (C) Normalized 
luciferase activity. Together with Pitx1 expression, inclusion of the shrm3-12k region 
increases luciferase activity ~18 fold above the basal level observed with the minimal 
promoter only. 
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apically constricted and elongated dramatically as compared to neighboring cells that 

lack Pitx1 expression (Fig. 2.8A, B). Ectopic Pitx1 drove epithelial cells to elongate four-

fold compared to control cells (Fig. 2.8D).  

Shroom3-mediated cell elongation acts via g-tubulin accumulation and MT 

assembly (Lee et al., 2007).  Noticeably, robust MT arrays emanating from the apical 

surface were consistently observed in Pitx1-expressing cells, but not control cells (Fig. 

2.8A, B).  Similar results were observed with ectopic expression of Pitx2 or Pitx3 

(Appendix Fig. B.2). Together, these data demonstrate that ectopic Pitx expression can 

drive the assembly of microtubule arrays and induce epithelial cell shape changes similar 

to those observed following ectopic Shroom3-expression in epithelial cells.  

 

2.2.8 Pitx1-induced changes in cell behavior are Shroom3 dependent 

We next asked if these Pitx1-induced epithelial cell shape changes depend upon 

Shrooom3 by co-expression of Pitx1 and DN-Shrm3. Following the co-expression of 

DN-Shrm3, the Pitx1 induced apicobasal elongation was reduced from by more than half 

(Fig. 2.9C, D). Moreover, DN-Shrm3 in the neural tube disrupts assembly of parallel 

MTs (Lee et al., 2007), and we found that the apical MT bundles induced in epithelial 

cells by ectopic Pitx1 were almost entirely eliminated by co-expression of DN-Shrm3 

(Fig. 2.8C). Similar results were observed when DN-Shrm3 was co-expressed with Pitx2 

or Pitx3 (Appendix Fig. B.2). Together these data indicate that Pitx1 controls epithelial 

cell shape changes via a Shroom3-dependent mechanism. 
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Figure 2.8. Ectopic Pitx1 induces epithelial cell shape change and assembly of 

parallel microtubule arrays 
 
(A) Control epidermis cells. α-tubulin staining reveals cell cortices. (B) Epidermis cells 
expressing ectopic Pitx1 were marked by His2B-GFP (red nuclei here) and stained with 
α-tubulin. Cells expressing Pitx1 apically constrict and elongate to 4 fold (~45 μm), 
compared to control cells (~11 μm). This difference is extremely significant (P<0.0001; 
Mann-Whitney U test). Robust MTs arrays emanate from the apical cell surface. (C) 
Epidermis cells expressing ectopic Pitx1 and DN-Shroom3. Apical constriction and 
apicobasal elongation were reverted (~24µm for Pitx1 + DN-Shrm3 as compared to 
~45µm for Pitx1 alone; the difference is extremely significant, p<0.0001). MTs bundles 
observed in Pitx1-expressing cells were also eliminated following DN-Shroom3 
expression. (D) Graph of apicobasal cell height (E) RT-PCR analysis of Shroom3 
effectors using animal cap assays.  
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2.2.9 Pitx1 does not activate the expression of genes encoding known Shroom3 
effector proteins 

Shroom3 has been shown to control epithelial cell shape changes by working in 

concert with several effector proteins, including myosin, Mena, Rap1, and Rho kinase 

(Haigo et al., 2003; Hildebrand, 2005b; Hildebrand and Soriano, 1999; Nishimura and 

Takeichi, 2008). We therefore examined if Pitx1 also controlled the transcription of genes 

encoding these proteins. In this assay, we observed that Shroom3 transcription was 

increased by about 30-fold following Pitx1 expression (Fig. 2.8E). By contrast, 

transcription of Mena showed only a very modest (~1.7-fold) increase in expression 

levels following Pitx1 expression, and transcriptional levels of MyoIIb, Rap1a, Rap1b, 

Rock1 and Rock2 were unaffected (Fig. 2.8E). Similar results were obtained with Pitx2 

and Pitx3 (Appendix Fig. B.2).  It should be noted, however, that these results do not 

exclude a role for these genes in the cell shape changes, as post-translational regulation of 

these effectors is key to their activity. Nonetheless, these data are consistent with our 

previous findings that increased levels of Shroom3 alone are sufficient to drive cell shape 

change in multiple epithelial cell types (Haigo et al., 2003; Hildebrand, 2005b).  

Moreover, the results reveal a straightforward genetic program, whereby Pitx1 directly 

activates Shroom3, which is sufficient to initiate the thickening and bending of epithelial 

sheets. 

 

2.3 DISCUSSION 

Epithelial cell shape changes contribute importantly to morphogenesis in most 

metazoan animals. Nonetheless, the developmental control of such shape changes has 

been studied predominantly in only a small number of tissues, such as the vertebrate 

neural plate and the ventral furrow and salivary glands of Drosophila (Leptin and 



 32 

Grunewald, 1990; Myat and Andrew, 2002; Schoenwolf, 1988).  Shroom3 has emerged 

as a major player in the developmental regulation of epithelial cell shape changes in 

vertebrates (Haigo et al., 2003; Hildebrand, 2005a; Lee et al., 2007; Nishimura and 

Takeichi, 2008).  In this paper, we have addressed two key unanswered questions in this 

area.   

First, despite wide-spread expression (Hildebrand and Soriano, 1999; Lee et al., 

2009), Shroom3 function has never been explored by loss-of-function approaches outside 

the neural epithelium.  We show here for the first time that Shroom3 is required for 

morphogenesis of endodermal tissues. We show that Shroom3 governs cell shape and 

morphogenesis in the archenteron epithelium and also in the more mature gut epithelium 

(Fig. 2.1 and Appendix Fig. B.1). 

Second, little is known of the transcriptional control of cell shape change in 

vertebrate epithelia. We identify here the first known transcriptional regulator of 

Shroom3, showing that Pitx proteins are necessary and sufficient to directly activate 

Shroom3 transcription (Fig. 2.3-2.5).  Indeed, disruption of Pitx1 phenocopies 

disruption of Shroom3 in the gut (Figs. 2.3-2.4).  These results are important, as they 

shed light on the general problem of transcriptional control of epithelial morphogenesis.  

The results are also meaningful because Pitx expression has been correlated with 

epithelial cell shape change, but no Pitx targets had previously been identified that could 

explain this correlation (Davis et al., 2008; Rodriguez-Leon et al., 2008).  We show that 

Pitx transcription factors are sufficient to induce epithelial cell shape changes via 

activation of Shroom3 in naïve cells (Fig. 2.8), suggesting that Shroom3 transcription 

may be a general mechanism by which Pitx factors drive morphogenesis. Thus our data 

provide key insights into gut morphogenesis, transcriptional regulation of epithelial cell 

shape, and the mode of action for the Pitx family of transcription factors.   
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We have shown here that Shroom3 is essential for the morphogenesis of the 

Xenopus gut. We find that cells lacking Shroom3 (or Pitx1) fail to elongate along the 

apicobasal axis, both in the archenteron floor and later in the mature gut. In Xenopus, gut 

elongation is achieved in part by the radial intercalation of elongated endodermal cells 

into a single layer (Chalmers and Slack, 2000; Reed et al., in revision), and changes in the 

thickness of the gut epithelium then help to drive the later morphogenesis of the gut tube 

(Chalmers and Slack, 1998; Muller et al., 2003; Reed et al., in revision). Our data linking 

Shroom3 with cell elongation and gut morphogenesis (Fig. 2.1 and Appendix Fig. B.1) 

are thus consistent with the current models for Xenopus gut development.   

Transcriptional programs sufficient to initiate epithelial morphogenesis: 

Tissue morphogenesis occurs via the developmentally regulated control of 

individual cell behaviors (Holtfreter, 1943; Trinkaus, 1969). Thus, any comprehensive 

picture of the molecular basis of morphogenesis will require us to understand how genes 

controlling embryo patterning (e.g. transcription factors) affect the cytoskeletal and 

adhesional components that ultimately drive cell behaviors. Recent progress has been 

made in this area through genome-wide screens for genes differentially expressed in 

migrating cell populations (Borghese et al., 2006; Christiaen et al., 2008; Wang et al., 

2006). These studies have revealed that large numbers of genes encoding cytoskeletal 

proteins are transcriptionally regulated during migration. Epithelial sheet thickening and 

bending are comparatively simpler, though equally essential, morphogenetic processes, 

and our data suggest that surprisingly simple transcriptional programs may be sufficient 

to initiate them.   

Our data suggest that a fairly direct transcriptional route is sufficient to initiate 

epithelial sheet-thickening and bending in Xenopus, as we find that Pitx transcription 

factors directly activate the transcription of the Shroom3 gene. Additional evidence that 
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this simple genetic system is sufficient comes from the ability of Pitx transcription factors 

to drive Shroom3-mediated cell shape changes without activating transcription of known 

Shroom3 effectors, Mena, myosin II, Rho Kinases or Rap1 GTPases (Haigo et al., 2003; 

Hildebrand, 2005a; Hildebrand and Soriano, 1999; Nishimura and Takeichi, 2008). It 

should be noted, however, that disruption of Shroom3 failed to entirely suppress Pitx-

induced cell shape changes (Fig. 2.8A-D). This result may suggest that other, as yet 

unidentified, Pitx targets contribute to cell shape changes, or the result may simply reflect 

a limitation in the experimental approach (higher doses of DN-Shrm3 in this context 

caused cell death and could thus not be tested).   

The apparent simplicity of this sufficient program relies on the remarkable ability 

of Shroom3 to reorganize cytoskeletal systems specifically in epithelial cells.  Shroom3 

alone is sufficient to drive actin/myosin-based apical constriction and γ-

tubulin/microtubule-based cell elongation (Haigo et al., 2003; Hildebrand, 2005a; Lee et 

al., 2007). This program is specific to polarized epithelial cells, as expression of Shroom3 

in mesenchymal cells has no effect. Moreover, Shroom3 can drive these changes in the 

epithelial cells of Xenopus blastulae, where transcription is strongly suppressed by a 

variety of mechanisms (Haigo et al., 2003; Newport and Kirschner, 1982; Stancheva et 

al., 2002). Thus, both actin- and microtubule-based cell shape changes induced by 

Shroom3 are organized in the absence of new transcription. If Shroom3-mediated 

changes in cell behavior do not require new transcription, then transcriptional control of 

Shroom3 itself must be a key node for patterning epithelial morphogenesis in vertebrates.  

The present work demonstrates that the Pitx family of transcription factors plays a central 

role by directly activating Shroom3 transcription (Fig. 2.6-2.7).   

The model that emerges from this work has interesting parallels in invertebrate 

systems. Indeed, though Drosophila does not appear to use a Shroom family protein for 
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epithelial folding, a similarly straightforward system is nonetheless sufficient to initiate 

epithelial morphogenesis in that animal. As for vertebrate Shroom3, ectopic expression of 

a single Drosophila protein, Folded Gastrulation (fog), is sufficient to drive apical 

constriction (Morize et al., 1998). Moreover, a downstream effector of fog, DRhoGEF2, 

is also sufficient by itself to drive apical constriction and cell elongation when ectopically 

expressed (Barrett et al., 1997; Hacker and Perrimon, 1998; Nikolaidou and Barrett, 

2004; Rogers et al., 2004). A simple transcriptional system appears to be employed here 

as well, since the transcription factor twist is essential for fog expression and ChIP-on-

chip experiments suggest that fog is a direct twist target (Morize et al., 1998; Zeitlinger et 

al., 2007). As noted above, Pitx may activate expression of as yet unidentified effectors, 

and a candidate may be a vertebrate protein that is functionally analogous to T48, a direct 

target of twist that is involved in apical constriction during Drosophila gastrulation 

(Kolsch et al., 2007). Regardless, in both Drosophila and Xenopus, a simple sufficient 

system can be delineated that involves a single transcription factor (Twist/Pitx) that 

directly activates expression of a protein that is sufficient to drive apical constriction 

(Fog/Shroom3). 
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Chapter 3:  Rfx2 broadly controls cilia assembly by mediating diverse 
ciliogenic machinery  

 

3.1 INTRODUCTION 

Cilia are microtubule-based organelles that project from the surface of most 

vertebrate cells and have evolved to play diverse roles in signaling, motility, and sensory 

reception (Eggenschwiler and Anderson, 2007; Marshall and Nonaka, 2006; Pedersen et 

al., 2008). Cilia can be generally categorized as either primary cilia or motile cilia. 

Primary cilia are short, immotile, have widespread distribution, and play essential roles in 

signal transduction. Motile cilia, on the other hand, are typically much longer and are 

responsible for generating directional fluid flows. Therefore, motile cilia are present in 

more restricted tissues, such as the ventricles of brain, the airways, the oviducts, and in a 

specialized region of the notochord (Gerdes et al., 2009; Goetz and Anderson, 2010; Roy, 

2009). Widespread essential roles for cilia during vertebrate embryonic development 

were first identified by forward genetic screens in the mouse, which showed that cilia are 

required for patterning of the mouse embryo (Huangfu et al., 2003). Substantial studies 

have now revealed that defects in cilia structure or function lie at the root of a wide range 

of human diseases, such as primary ciliary dyskinesia, polycystic kidney disease, and 

Bardet-Biedl and Meckel-Gruber syndromes (Baker and Beales, 2009; Hildebrandt et al., 

2011; Singla and Reiter, 2006; Zariwala et al., 2007). Numerous studies using genetic 

and biochemical approaches have begun to unravel the protein machinery underlying 

cilia structure and function (Gherman et al., 2006; Hayes et al., 2007; Inglis et al., 2006). 

By contrast, very little is yet known about the transcriptional programs that regulate 

ciliogenesis.  
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The RFX transcription factor has been identified as an essential regulator of 

ciliogenesis in C. elegans and Drosophila (Dubruille et al., 2002; Swoboda et al., 2000).  

In vertebrates, seven distinct RFX genes (RFX 1-7) have been identified based on the 

highly conserved DNA binding domain (Aftab et al., 2008; Emery et al., 1996), but it is 

not until recently that studies have linked any of these RFX genes to ciliogenesis.  

Unlike Daf-19, the reported role for RFX4 is quite circumscribed, modulating Shh 

signaling by controlling ciliogenesis, but only in the neural tube (Ashique et al., 2009). 

By contrast, RFX3 is more broadly required, governing nodal ciliogenesis and left-right 

asymmetry (Bonnafe et al., 2004), ciliogenesis in pancreatic endocrine cells (Ait-Lounis 

et al., 2007), and ciliogenesis of motile cilia in the brain (Baas et al., 2006; El Zein et al., 

2009).  Quite curiously, while loss of RFX3 reduces the number of cilia in some multi-

ciliated cell types in the brain, it actually increases the number of cilia on other cell types, 

suggesting a complex role for RFX proteins (Baas et al., 2006). Like RFX3, RFX6 has 

been recently shown to be involved in pancreatic development. Surprisingly however, 

RFX6 appears not to be required for ciliogenesis in pancreas (Smith et al., 2010; Soyer et 

al., 2010). Finally, while RFX1 has recently been shown to activate expression of a 

known cilia gene (Purvis et al., 2010), neither RFX1 nor RFX5 is generally associated 

with cilia.  Rather, these function instead in the immune system (Reith and Mach, 2001; 

Steimle et al., 1995; Zhao et al.).  

RFX2 is a crucial factor required for spermatogenesis, but a direct role for RFX2 

in the control of cilia assembly has yet to be reported (Grimes et al., 2005; Horvath et al., 

2009; Horvath et al., 2004; Kistler et al., 2009; VanWert et al., 2008; Wolfe et al., 2006; 

Wolfe et al., 2004). Nonetheless, RFX2 has been shown to be expressed in some ciliated 

tissues (Hellman et al., 2010; Liu et al., 2007; Ma and Jiang, 2007) and its expression was 
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reported to be controlled by another ciliogenic transcription factor, FoxJ1 (Yu et al., 

2008).  

Here we report that Rfx2 in Xenopus is expressed preferentially in tissues 

containing ciliated cells, including neural tube, gastrocoel roof plate, epidermal multi-

ciliated cells, and kidneys. Knockdown of Rfx2 results in phenotypes associated with 

defective cilia, such as disruption of neural tube closure and left-right asymmetry. 

Moreover, fewer or truncated cilia were observed in Rfx2 morphants, indicating that 

Rfx2 is indeed essential for ciliogenesis in vertebrates. Using RNA-seq and ChIP-seq 

approaches, we found that Rfx2 directly controls a wide range of ciliogenesis machinery. 

Finally, by combing genomic, bioinformatics, and cell biology approaches, we identified 

novel functions of Rfx2-dependent genes and have begun to understand the hierarchy of 

the factors essential for controlling ciliary beating. 

 

3.2 RESULTS 

3.2.1 Phylogeny of vertebrate RFX proteins 

Since the daf-19 transcription factor is a central regulator of ciliogenesis in C. 

elegans, we reasoned that its orthologs would be excellent candidates for control of 

vertebrate ciliogenesis.  In vertebrates, the RFX transcription factor family includes 

three phylogenetic sub-groups (Aftab et al., 2008); a tree including mammalian and non-

mammalian vertebrate RFX proteins is presented in Appendix Fig. B.3. RFX5 and RFX7 

are the most distantly related to daf-19, and so it is notable that neither gene has so far 

been associated with ciliogenesis.  Curiously, RFX4 and RFX6 are closely related, yet 

only RFX4 has a role in ciliogenesis (Ashique et al., 2009). Finally, RFX1, RFX2, and 

RFX 3 are co-orthologs of daf-19 (Appendix Fig. B.3; (Aftab et al., 2008)). Given this 
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phylogenetic relationship, it is these three factors which would be predicted to play the 

most central roles in governing ciliogenesis. However, while Rfx3 plays a broad role in 

ciliogenesis, the role for RFX1 appears minimal (Ait-Lounis et al., 2007; Baas et al., 

2006; Bonnafe et al., 2004; El Zein et al., 2009; Purvis et al., 2010). Given its close 

phylogenetic relationship to daf-19, we hypothesized that RFX2 may be a broadly 

required regulator of ciliogenesis. However, no loss-of-function analysis of RFX2 has yet 

been reported. 

 

3.2.2 Rfx2 is expressed in tissues containing ciliated cells 

To test the prediction of a broad role for Rfx2 in ciliogenesis, we first examined 

its expression pattern by in situ hybridization in Xenopus. We observed that Rfx2 was 

expressed preferentially in tissues containing ciliated cells. For instance, Rfx2 expression 

in the neural plate was detected from the early neurulation stage to the later tadpole stage 

(Fig. 3.1B, 3.1D-F). At late gastrula and neurula stages, Rfx2 was also expressed in the 

gastrocoel roof plate (GRP), where motile cilia are responsible for generating directional 

flow to regulate left-right asymmetry (Fig. 3.1B’, 3.1C). Moreover, punctate expression 

of Rfx2 was observed in the epidermis from the late gastrula stages (Fig. 3.1A, 3.1G). The 

in situ staining of Rfx2 on the epidermis co-localized with α-tubulin immunostaining, 

indicating that Rfx2 was expressed specifically in epidermal multi-ciliated cells (Fig. 

3.1H-I).  Expression of Rfx2 was also observed in otic vesicles and kidney, where cilia 

are required for the proper tissue functions (Fig. 3.1F). Rfx2 is broadly expressed in 

ciliated tissues, suggesting that Rfx2 may be essential for ciliogenesis in vertebrates.   

To ask if Rfx2 may act in coordination with other ciliogenic Rfx genes, we also 

examined the expression patterns of Rfx1, Rfx3, Rfx4, and Rfx5 in Xenopus. In situ  
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Figure 3.1. Rfx2 is expressed in ciliated tissues  

(A) Early expression of Rfx2 in epidermis. (B)(E) Rfx2 is expressed in the neural plate 
and neural tube. Dorsal view. (D) Transverse section view revealed robust Rfx2 
expression in the neural tube. (B’)(C) Sagittal sections showed that Rfx2 is expressed in 
the gastrocoel roof plate (GRP) (arrows). BP: blastopore. (F) Rfx2 is expressed in otic 
vesicles and kidneys. (G) Punctate expression of Rfx2 in the epidermis. (H) Closer view 
of epidermal punctae in (G). (I) Epidermal ciliated cells are observed by staining with α-
tubulin. Ciliated cells are co-localized with Rfx2 in situ pattern in (H). 



 41 

 
Figure 3.2. Rfx genes in situ hybridization 
 
(A-B) Rfx1 is expressed in the neural tube. Dorsal view. Transverse section view is 
shown in (B). (C) Rfx1 expression in otic vesicles and kidney. Lateral view, anterior left. 
(D) The expression of Rfx3 is observed in the neural tube and epidermis. Dorsal view. 
Transverse section view is shown in (E). (F) Rfx3 is expressed in the GRP. (G) Rfx3 is 
also expressed in otic vesicles and kidney. Lateral view, anterior left. (Sawyer et al.) Rfx4 
is robustly expressed in the CNS. (K-M) The expression of Rfx5 in the neural tube. 
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hybridization showed that all Rfx genes were expressed in the neural tube (Fig. 3.2B, E, I, 

L), suggesting potentially redundant roles for these genes in the control of the neural tube 

ciliogenesis. Rfx3 shared the most similar pattern with Rfx2, as they were both expressed 

in epidermal ciliated cells and GRP (Fig. 3.1 and Fig. 3.2D, 3.2F). However, while the 

expression of Rfx2 in ciliated epidermal cells was observed as early as stage 12, the low 

level transcription of Rfx3 was only observed beginning at stage14. This temporal 

difference of expression might suggest that Rfx2 plays a higher hierarchic role than Rfx3 

in regulating epidermal cilia development. Moreover, while Rfx2 was robustly expressed 

in GRP (Fig. 3.1B’, 3.1C), only weak staining of Rfx3 was observed (Fig. 3.2F). Rfx4 

was robustly expressed in central nervous system (Fig. 3.2H-J), consistent with its role in 

controlling Shh signaling in the mouse spinal cord (Ashique et al., 2009). Notably, Rfx4 

expression was never observed in gastrocoel roof plate or epidermal ciliated cells, 

suggesting a tissue-specific role in regulating cilia formation. 

 

3.2.3 Rfx2 is essential for neural tube closure and neural ciliogenesis 

Many genes associated with ciliogenesis are also required for neural tube closure, 

though the mechanistic link between cilia and the morphogenetic cell movement in the 

developing neural tube remains obscure (Murdoch and Copp, 2010). To ask if Rfx2 is 

required for neural tube ciliogenesis, we first examined the effect of Rfx2 knockdown on 

neural tube closure. We designed antisense morpholino oligonucleotides (Davidson et al.) 

to block Rfx2 translation, and we used targeted micro-injection to deliver these 

specifically to the dorsal tissues (Moody, 1987). At the end of neurulation (stage 19), the 

neural folds are almost closely apposed and begin to fuse (Fig. 3.3A). At an equivalent  
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Figure 3.3. Rfx2 is required for neural tube closure and proper cilia formation 

(A-D) Stage 19 embryos, dorsal view, anterior top. Black dashed lines outline the 
distance between the neural folds. (A) A control embryo. (B) A Rfx2 morpholino-
injected embryo. The neural tube fails to close. The defects can be partially rescued by 
co-injection with 150pg GFP-Rfx2 mRNA (C) and 300pg GFP-RFX2 mRNA (D). The 
average distance between the neural folds are shown in (E). Transverse section view of 
neural plate of stage 18 control embryos (F) and Rfx2 morphants (G). Cilia are stained 
with acetylated α-tubulin (Wloga et al.). (H) Cilia were measured in 15 µm projection 
confocal images. The average length of control cilia is 1.19 ± 0.021 µm (mean ± SEM). 
However, the average length significantly reduces to 0.79 ± 0.016 µm in Rfx2 morphants. 
Horizontal lines indicate the mean, vertical lines SEM, *** p<0.0001 Mann-Whitney test. 
Transverse section view of neural plate of stage 26 control embryos (I) and Rfx2 
morphants (J). Cilia are stained with acetylated α-tubulin (Glaser et al.). (K) Ventral cilia 
were measured in 12 μm projection confocal images. The average length of control cilia 
is 5.95 ± 0.21 μm. However, the average length significantly reduces to 2.6 ± 0.07 μm in 
Rfx2 morphants. *** p < 0.0001 Mann–Whitney test.  
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time point in Rfx2 morphants, the neural folds failed to close (Fig. 3.3B), with the 

distance between neural folds being five-fold greater in Rfx2 morphants than in control 

embryos at stage 19 (Fig. 3.3E).  We confirmed the specificity of our MO by rescue of 

the neural tube closure phenotype with a GFP-tagged form of Rfx2 mRNA that is not 

recognized by Rfx2 morpholino (Fig. 3.3C-E).  

We next examined whether neural tube closure phenotypes were correlated with 

ciliogenesis defects in Rfx2 morphants by visualizing cilia in the neural plate with 

acetylated α-tubulin immunostaining. At neurula stages, we observed small cilia 

throughout the neural plate (which is bilayered at this stage in Xenopus), and the length of 

these cilia was significantly reduced by the Rfx2 MO (Fig. 3.3F, 3.3H).  At later stages, 

longer cilia are visible, projecting into the neural tube lumen; these cilia were also fewer 

in number and shorter than in Rfx2 morphants as compared to controls (Fig. 3.3I-K).  

Together, these data demonstrate that Rfx2 is required for normal neural tube cilia 

formation and for neural tube closure. 

 

3.2.4 Rfx2 is required for Sonic Hedgehog signaling in the nervous system 

Previous studies have shown that primary cilia in the neural tube are essential for 

Hedgehog signaling (Eggenschwiler and Anderson, 2007; Goetz et al., 2009; Huangfu et 

al., 2003). We therefore examined whether Rfx2 morphants exhibit phenotypes consistent 

with disrupted Hedgehog signaling. Indeed, Rfx2 morphants developed with craniofacial 

defects including close-set eyes and cyclopia in some cases. Moreover, the expression 

level of the Hedgehog target gene, Nkx2.2, in the ventral neural tube was dramatically  
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Figure 3.4. Rfx2 is required for Shh signaling 

(Mazor et al.) In situ hybridization of a Shh downstream gene, Nkx2.2.Dorsal view, 
anterior left. Stage 24. Expression of Nkx2.2 in the ventral neural tube (A) is dramatically 
reduced in the spinal cord of Rfx2 morphants (21/29) (B). The reduced expression of 
Nkx2.2 can be rescued by co-injection of 300 pg GFP-Rfx2 mRNA (C). (D-F) In situ 
hybridization of a Shh downstream gene, Vax1. Lateral view, anterior left. Stage 35. 
Expression of Vax1 in the ventral forebrain (D) is robustly reduced in Rfx2 morphants 
(16/24) (E) and can be rescued (F). (G-H) Sox3, a marker of general neural tissue, was 
not affected following Rfx2 knockdown. 
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downregulated in morphants, and the reduced expression could be rescued by co-

injection of GFP tagged Rfx2 mRNA. (Fig. 3.4A-C). The MO phenotype was specific to 

the ventral neural tissue, as Sox3, a marker of general neural tissue, was not affected (Fig. 

3.4G-H). Likewise, the expression of a Hedgehog-responsive gene in the brain, Vax1, 

was also strongly reduced in Rfx2 morphants and the reduced expression could be 

rescued (Fig. 3.4D-F). Together, these data suggest that Rfx2 is essential for Hedgehog 

signaling through regulation of primary cilia development in neural tissue. 

 

3.2.5 Rfx2 is required for gastrocoel roof plate ciliogenesis and left/right patterning 

Rfx2 mRNA is strongly expressed in the GRP by in situ hybridization (Fig. 3.1B’, 

3.1C), where motile cilia generate a directional fluid flow that is required for left-right 

(Stubbs et al.) asymmetry (Blum et al., 2009). The GRP cilia are thus the functional 

equivalents of amniote nodal cilia and Kupffer’s vesicle cilia in fishes (Essner et al., 

2002; Schweickert et al., 2007). Using acetylated a-tubulin immunostaining, we observed 

GRP cilia of an average length of about 8.6µm in wild type embryos (Fig. 3.5A, 3.5A’, 

3.5D). However, GRP cilia in Rfx2 morphants were much shorter, displaying a 3.5-fold 

reduction in length as compared to controls (Fig. 3.5B, 3.5B’, 3.5D). This reduction in 

cilia length could be partially rescued by co-injecting GFP-tagged Rfx2 mRNA (Fig. 

3.5C, 3.5C’, 3.5D), again demonstrating that the MO targets Rfx2 specifically.  

Since GRP cilia are essential for LR asymmetry, we next examined whether LR 

asymmetry was disrupted in Rfx2 morphants by assessing expression for LR 

asymmetrical marker genes. In control embryos, Pitx2c is expressed in the left side of the 

lateral plate mesoderm (LPM), but not in the right side (Fig. 3.6A, 3.6B). However, right- 
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Figure 3.5. Rfx2 is required for GRP cilia assembly 

(A) GRP tissue of a membrane RFP-injected control embryo. Acetylated α- tubulin labels 
cilia (Glaser et al.). (B) GRP tissue of a Rfx2 morphant. (C) GRP tissue of an embryo 
injected with Rfx2 morpholino and GFP-Rfx2 mRNA. (A’), (B’), (C’) are zoom in view 
of (A), (B), (C), respectively. (D) Average length of GRP cilia. While the average length 
of control GRP cilia is 8.59±0.18 µm (mean ± SEM), it’s significantly reduced to 
2.34±0.07 µm in Rfx2 morphants. The shorter cilia phenotype is partially rescued to 
4.74±0.14 µm by co-injecting with GFP-Rfx2 mRNA. Horizontal lines indicate the mean, 
vertical lines SEM, *** p<0.0001 Mann-Whitney test.  
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Figure 3.6. Rfx2 is required for the left-right asymmetry pattern 

(A-B, E) Pitx2c expression at stage 26, lateral view. In control embryos, Pitx2c is 
expressed in the left LPM (black arrow) but not the right LPM (blue arrow). (C-D) In 
Rfx2 morphants, bilateral LPM of Pitx2c expression is observed. (blue arrow). (E) 
Quantification of Pitx2c expression patterns in control embryos and Rfx2 morphants. 
(F)(G) Ventral view of the developing gut. Gut is properly looped in control (F) whereas 
gut looping is defective following Rfx2 knockdown. 
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sided, absent, or bilateral expression of Pitx2c in the LPM was frequently observed when 

Rfx2 was disrupted (Fig. 3.6C-E). In addition to the asymmetric expression of Pitx2c in 

the LPM, the asymmetric looping of the gut was examined. In control embryos, the gut 

loops toward to the left. However, the guts fail to loop in Rfx2 morphants (Fig. 3.6F, 

3.6G). Together, these data suggest that Rfx2 is essential for establishing LR asymmetry 

by regulating GRP ciliogenesis during vertebrate development. 

 

3.2.6 Rfx2 is essential for ciliogenesis in, but not for specification of, multi-ciliated 
cells 

The epidermal multi-ciliated cells of Xenopus have been shown recently to share 

many molecular similarities with mammalian multi-ciliated cells. Given the role for Rfx3 

in both specification and ciliogenesis in multi-ciliated cells of the mammalian brain (Baas 

et al., 2006), we hypothesized that the very early expression of Rfx2 in epidermal muti-

ciliated cells may reflect a role in their early specification. However, when we targeted 

delivery of Rfx2 morpholino into the epidermis, we observed no reduction in the number 

of a-tubulin-expressing cells in Rfx2 morphants at stage 20 (Fig. 3.7A, 3.7B), indicating 

that ciliated cell specification is unaffected in Rfx2 morphants. We did, however, 

consistently observe that most multi-ciliated cells in Rfx2 morphants have only a few 

short axonemes (Fig. 3.7C, 3.7C’), as compared to control epidermis, where dozens of 

long cilia are assembled on multi-ciliated cells (Fig. 3.7D, 3.7D’). Together, these data 

suggest that Rfx2 is not required for multi-ciliated cell specification, but is essential for 

motile cilia assembly in these cells.  
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Figure 3.7. Rfx2 is essential for epidermis ciliogenesis in, but not for specification of, 
multi-ciliated cells 

(A)–(B) Rfx2 morpholino is injected into one ventral blastomere at the 4 cell stage. (A) 
α-tubulin in situ hybridization on the control side of epidermis. (B) α-tubulin in situ 
hybridization on the Rfx2 morpholino-injected side. α-tubulin expression is not 
significantly changed. (C) A stage 27 control embryo injected with membrane-RFP. 
Acetylated α- tubulin labels cilia (Glaser et al.) and RFP labels cell boundary. (C’) Zoom 
in view of (C). (D) A stage 27 Rfx2 morphant. (D’) Zoom in view of (D). Note that only 
a few short axonemes are shown in the Rfx morphant. 
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3.2.7 Deep-sequencing analysis of Rfx2 function in a vertebrate mucociliary 
epithelium 

Our initial study showed that Rfx2 is essential for the normal development of cilia 

in diverse tissues. We then identified genes that are regulated by Rfx2 using system-level 

analysis. Given the strong role of Rfx2 in multi-cilia biogenesis in the mucociliary 

epithelium, we performed RNA-sequencing (RNA-seq) on isolated explants of 

presumptive mucociliary epithelium in both control and Rfx2 knockdown conditions. 

Two biological replicates, each containing 100-200 explants of either control or Rfx2-

morpholino injected were performed and showed reproducibility by analysis of 

correlation. We collaborated with Dr. Kwon in Dr. Marcotte’s lab and identified 1839 

differentially expressed genes (>2 fold; FRD<0.01). We validated some of these 

identified genes by either RT-PCR or in situ hybridization (Appendix Fig. B.4).  

To further examine whether these differentially expressed genes are Rfx2 targets, 

we then collaborated with Dr. Baker’s lab at Stanford and performed ChIP-sequencing 

(ChIP-seq) assay. Since ChIP grade Rfx2 antibody was not available, a small amount of 

RNA encoding GFP-fused Rfx2 was injected into embryos for GFP antibody pull-down. 

ChIP-seq was then performed on 600 embryos of either control or GFP-Rfx2 injected. 

We identified 2554 genes that were significantly bound by Rfx2. Among Rfx2 targets, 

911 genes were differentially expressed in Rfx2 morphants. Combining our RNA-seq and 

ChIP-seq data, we present a table here showing genes of interest (Table 3.1).  
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Table 3.1 Summary of RNA-seq and ChIP-seq analysis  

Ciliogenesis genes 

 

GeneID log2FC Adj. P 
Value Ctl 1 Ctl 2 MO 1 MO 2 

Peak 
Fold 

Enrich-
ment 

Peak 
FDR 

IFT                 
IFT121 
(WDR35)(IFT-A) -2.71 0.000 1597 1310 244 111 29.31 2.72 
IFT144 
(WDR19)(IFT-A) -1.59 0.000 1001 860 355 140 24.11 3.49 
IFT140 (IFT-A) -2.27 0.000 1635 1543 331 195 13.19 4.44 
IFT81 (IFT-B) -2.23 0.021 58 55 7 12 22.06 3.07 
IFT80 (IFT-B) -1.14 0.000 1532 1360 701 346 15.69 4.35 
IFT88 (IFT-B) -1.09 0.000 2244 1853 1025 515 16.97 3.04 
IFT154 
(TRAF3IP1) 
(IFT-B) -2.05 0.000 908 585 196 91 21.60 3.13 
IFT74 (IFT-B) -0.80 0.016 993 845 558 286 8.72 3.22 
IFT70 (TTC30A) 
(IFT-B) -0.70 0.002 1483 1503 1111 353 19.46 3.02 
IFT25 (HSPB11) 
(IFT-B) -2.11 0.000 446 219 94 29 26.96 3.45 
IFT172 (IFT-B) -1.06 0.000 3412 2819 1565 822 18.49 3.04 
TULP3 (IFT-A, 
Accessory) -1.43 0.000 1046 872 382 186 19.68 2.87 
TTC29 -0.91 0.030 310 358 184 99 24.14 3.50 
                  
Transition zone                 
CC2D2A -2.61 0.000 1287 1126 225 91 8.35 3.36 
RPGRIP1L -1.71 0.000 1476 1221 474 185 28.80 2.87 
TCTN3 -1.33 0.000 400 352 170 68 20.24 3.46 
NPHP4 -1.25 0.002 272 327 138 63 16.83 2.97 
TMEM67 -1.10 0.005 404 307 174 90 9.30 2.98 
                  
TTLL                 
TTLL13 -1.46 0.000 2469 1933 817 460 16.21 3.46 
TTLL7 -2.33 0.000 156 142 36 11 18.09 3.10 
TTLL5 -1.50 0.000 506 213 141 62 33.05 3.62 
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TTLL13 -1.10 0.000 2062 1453 943 367 7.18 3.58 
TTLL9 -1.08 0.011 295 243 133 70 24.51 3.07 
                  
BBS                 
BBS4 -1.01 0.001 845 606 403 173 23.88 2.86 
BBS7 -0.98 0.006 446 325 213 99 16.25 2.86 
                  
Planar cell 
polarity                 
WDPCP (Fritz) -1.58 0.030 45 68 20 10 13.43 3.40 
PRICKLE3 -1.25 0.014 253 105 89 31 12.44 3.07 
DVL3 1.37 0.000 812 590 2068 822 15.25 4.02 
FZD6 1.19 0.000 583 399 1203 582 20.48 3.00 
                  
Centriolar 
proteins                 
CEP164 -1.50 0.000 1308 916 425 204 31.75 4.17 
CEP68 -3.97 0.000 753 334 29 26 50.30 3.12 
CEP112 -1.59 0.000 760 596 219 141 22.25 2.78 
CEP57L1 -1.05 0.000 3013 2340 1427 640 19.73 3.07 
                  
Tubulins                 
TUBB4A -1.43 0.000 67444 52187 24103 11269 15.39 3.06 
TUBB2C -1.80 0.000 60582 48054 17001 7966 19.39 2.50 
                  
Misc.                 
MAP7 -2.06 0.000 283 126 54 24 33.01 3.79 
SPEF1 -1.51 0.000 470 229 153 43 20.86 2.96 

 

Cilia beating genes 

 

GeneID log2FC Adj. P 
Value Ctl 1 Ctl 2 MO 1 MO 2 

Peak 
Fold 

Enrich-
ment 

Peak 
FDR 

Axonemal 
dyneins                 
DNAH2 -3.94 0.000 6554 4981 383 216 27.02 3.12 
DNAH5 -2.34 0.000 1027 602 200 56 20.96 3.00 
DNAH3 -2.00 0.000 3335 2162 708 393 25.59 2.79 
DNAH1 -1.90 0.000 5119 3508 1278 570 23.47 3.38 
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DNAH7 -1.84 0.000 5589 3924 1578 545 12.56 2.87 
DNAL4 -1.64 0.000 4072 3506 1294 651 23.53 5.41 
DNAH8 -1.34 0.003 212 118 86 18 15.62 3.48 
DNAL1 -1.25 0.001 583 328 204 102 20.27 2.96 
                  
Radial spoke 
proteins                 
RSPH10B -1.69 0.000 831 652 251 115 13.88 3.24 
RSPH3 -1.42 0.000 2528 1702 952 309 34.69 3.52 
                  
Dynein 
regulatory 
complex                 
DRC7 
(CCDC135) -3.10 0.000 2797 2203 300 166 18.74 2.89 
ICI140/ida7 
(WDR63) -1.76 0.000 1763 1469 500 263 16.22 3.54 
DRC2/pf3 
(CCDC65) -1.26 0.000 761 627 343 121 22.45 3.62 
                  
Protofilament 
ribbon                 
RIBC2 -1.11 0.000 1262 977 618 210 19.85 3.31 
TEKT2 -1.71 0.000 2158 1634 669 255 21.14 3.43 
TEKT3 -3.37 0.000 1280 706 84 69 15.46 3.05 
RIBC1 -1.61 0.000 667 457 208 86 12.48 3.00 
EFHC1 -1.44 0.000 4962 3635 1759 776 14.24 2.91 
                  
Misc. ciliary beat 
genes                 
HYDIN -1.65 0.000 6657 4527 2038 813 23.92 3.78 
NME5 -1.56 0.000 2985 2266 1077 349 43.97 6.06 
ROPN1L -2.20 0.000 159 123 34 15 31.76 3.70 
MNS1 -1.02 0.001 647 434 312 114 17.16 2.98 
PACRG -1.82 0.001 105 116 36 14 29.23 3.85 
SPEF2 -2.19 0.000 1194 951 209 166 22.66 3.95 
SPAG17 -2.18 0.000 1104 715 146 174 1104 715 
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Slit/Robo signaling and synapse/axon-related genes 
 

GeneID log2FC adjP Ctl 1 Ctl 2 MO 1 MO 2 

Peak 
Fold 

Enrich
ment 

Peak 
FDR 

SLIT/ROBO 
Signaling                 
SLIT2 -2.65 0.000 2688 1451 374 152 11.85 4.41 
SRGAP2 -0.96 0.021 282 236 145 67 17.49 3.25 
DAG1 -1.46 0.000 1274 524 401 122 8.43 4.92 
                  
Misc. Synapse/axon 
regultors               
PTPRD -2.49 0.000 456 275 70 34 5.97 2.95 
NTN3 3.06 0.005 4 1 26 9 11.16 3.93 
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3.2.8 Rfx2 controls diverse ciliogenic machinery 

Our genome wide analysis revealed that Rfx2 controls ciliogenesis by regulating genes 

encoding essential components of all known ciliary machinery. For example, we 

identified the IFT-B complex components ift172 and ift88 as direct Rfx2 targets, as well 

as ift46, ift80 and ift81, consistent with data from flies, worms and mice (Thomas et al., 

2010),  In addition, we showed that Rfx2 directly activates the IFT-A complex 

component ift140 and the tubby protein tulp3, which links IFT-A to receptor trafficking 

(Mukhopadhyay et al., 2010).  

In Drosophila and C. elegans, Rfx/daf-19 also regulates expression of axonemal 

dynein subunits and components of the transition zone, which governs entry of ciliary 

proteins into the axoneme (Reiter et al., 2012; Thomas et al., 2010). We found that many 

vertebrate analogues were likewise regulated by Rfx2 (fig. 3.8). Axonemal dynein is 

associated with motile ciliopathies while mutated transition zone proteins are frequently 

found in non-motile ciliopathies in human patients (Badano et al., 2006; Fliegauf et al., 

2007). Importantly, both motile and non-motile ciliopathy genes were identified as Rfx2 

targets, including Dnah5, Cc2d2a, Tctn3, Rpgrip1l, Nphp4, and Tmem67 (Arts et al., 

2007; Baala et al., 2007; Brancati et al., 2008; Delous et al., 2007; Gerdes et al., 2009; 

Gorden et al., 2008; Hornef et al., 2006; Mougou-Zerelli et al., 2009; Noor et al., 2008; 

Olbrich et al., 2002; Schuermann et al., 2002; Smith et al., 2006; Tallila et al., 2008; 

Thomas et al., 2012; Wolf et al., 2007) (Fig. 3.8). Notably, although most BBS proteins 

are Rfx2 targets, consistent with what has been observed in Drosophila and C. elegans, 

we found that only BBS4 showed reduced expression following Rfx2 knockdown (Fig. 

3.8).  
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Figure 3.8. Rfx2 controls diverse ciliogenic machinery 

Combining both RNA-sequence and ChIP-sequence analysis, a wide range of ciliary 
components were identified as Rfx2 targets. Only genes that were also differentially 
expressed following Rfx2 knockdown were listed here.  
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Interestingly, we also identified additional ciliary components that have not been 

associated with RFX proteins. For instance, Rfx2 controlled the expression of TTLL 

enzymes that mediate post translational tubulin modifications, which are involved in cilia 

assembly and motility (Ikegami et al., 2010; Vogel et al., 2010; Wloga et al., 2008). Rfx2 

also regulated a PCP effector gene, FRTZ/WDPCP, which is required for assembly of a 

diffusion barrier at the base of cilia (Kim et al., 2012). Together these data demonstrate 

the array of Rfx-dependent mechanisms underlying ciliary assembly and functions in 

vertebrates. 

 

3.2.9 Ttc29, a Rfx2 target gene, is required for ciliogenesis 

Using RNA-seq and ChIP-seq analysis, we showed that Rfx2 controls the 

expression of a wide range of ciliary machinery. However, the function of many Rfx2-

dependent target ciliary genes remains unclear. We therefore used an unbiased approach 

to identify novel, Rfx2 dependent, ciliary genes. We used data mining in human-net, a 

probabilistic gene network (Lee et al., 2011), seeding the network with a combination of 

Rfx2 target genes and known cilia genes such as those encoding IFT machinery. The 

approach suggested a functional link between a poorly studied Rfx2 target gene, Ttc29, 

and the IFT machinery (Fig. 3.9A). The Ttc29 orthologue in Chlamydomonas localizes to 

ciliary axonemes (Yamamoto et al., 2008), and we found that the vertebrate orthologue 

showed axonemal localization using GFP-fused Ttc29 (Fig. 3.9B). We therefore 

hypothesized that Ttc29 is required for proper cilia formation. Indeed, knockdown of 

Ttc29 with morpholino displayed ciliogenesis defects in MCCs (Fig. 3.9C, 3.9D). 

Ciliogenesis defects in Ttc29 morphants can be rescued by co-injection of Ttc29-GFP,  

 



 59 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

Figure 3.9. Ttc29 is required for ciliogenesis of multi-ciliated cells 

(A) Ttc29 is clustered with IFT components. (B) Ttc29-GFP is localized in the axoneme. 
(C) A MCC of a stage 27 control embryo injected with membrane-GFP. Acetylated α- 
tubulin labels cilia (Wloga et al.) and GFP labels cell boundary. (D) A MCC of a stage 27 
Ttc29 morpholino-injected embryo. Note that only a few short axonemes are shown 
following Ttc29 knockdown. 
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indicating the specificity of Ttc29 morpholino. Together, we were able to identify a novel 

ciliogenesis factor controlled by Rfx2. Given that a potential functional link between 

Ttc29 and IFT machinery, Ttc29 might regulate cilia formation through controlling IFT 

particles trafficking. The molecular mechanisms of Ttc29 need to be investigated. 

 

3.2.10 Identification of novel, Rfx2-dependent mechanisms controlling ciliary 
beating 

While RFX transcription factors are broadly associated with ciliogenesis, to date 

only Rfx3 is known to control ciliary beating (El Zein et al., 2009). Our data set contains 

a number of Rfx2 target genes related to ciliary beating. These include axonemal dynein 

components and tubulin polyglutamylases. Using the same approach mentioned above, 

we asked whether there were Rfx2 dependent novel factors influencing ciliary motility. 

Unbiased clustering of human-net data revealed functional links between novel genes and 

several genes essential for ciliary beating (Fig. 3.10A). This cluster contains Dnal1, a 

dynein subunit required for ciliary motility, as well as two poorly understood ciliary 

beating genes, Ropn1l and Mns1 (Fiedler et al., 2012; Horvath et al., 2005; Zhou et al., 

2012). Moreover, the cluster contained a uncharacterized gene encoding the 

protofilament ribbon protein, Ribc2 (Fig. 3.10A).     

To determine the involvement of Ribc2 in controlling ciliary motility in MCCs, 

we first examined its localization. In situ hybridization showed that Ribc2 was 

specifically expressed in epidermal MCCs (Fig. 3.10B). In addition, GFP fused Ribc2 

revealed a subcellular localization to axonemes (Fig. 3.10C). Interestingly, GFP-Ribc2 

was not detected in the distal tip of the axoneme, where components of ciliary motility  
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Figure 3.10. Ribc2 is essential for ciliary motility  

(A) A network analysis shows that Ribc2 is clustered with known ciliary beating 
components, such as Dnal1 and Ropn1l. (B) Ribc2 is expressed in MCCs of Xenopus 
epidermis. (C) Ribc2-GFP is localized along the axoneme, but not the distal tip. (D) A 
MCC of a stage 27 control embryo injected with membrane-GFP. (E) A MCC of a stage 
27 embryo injected with Ribc2 morpholino. Ribc2 is not essential for cilia assembly. (F) 
Quantification of ciliary beating using high-speed confocal. Beat frequency is 20.59±0.41 
strokes/sec in control whereas only 9.59±0.57 strokes/sec following Ribc2 knockdown. 
*** p<0.0001 Mann-Whitney test. Tracking of latex beads moving across the epidermis 
of the control embryo (G) and the Ribc2 morphant (H). An arrow represents the moving 
distance per time frame. The average flow rate is shown in (I). While the average flow 
rate of control is 0.542±0.041 mm/sec (mean ± SEM), it is significantly reduced to 
0.046±0.005 mm/sec in Ribc2 morphants.   
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are absent (Inglis et al., 2006). To determine whether Ribc2 was essential for the ciliary 

motility, we used a translation blocking morpholino to knockdown endogenous Ribc2. 

Loss of Ribc2 did not noticeably affect ciliated cell differentiation or ciliogenesis (Fig. 

3.10D, E). However, ciliary motility dependent directional fluid flow was greatly reduced 

in Ribc2 morpholino-injected embryos, as determined by monitoring the movement of 

latex beads (Fig. 3.10G-3.10I) (Park et al., 2008) To further examine whether beating was 

indeed disrupted by the loss of Ribc2, we used high-speed confocal to image cilia labeled 

with membrane-GFP. In average, beat frequency of control cilia was about twenty strokes 

per second (Fig. 3.10F), as previously described (Park et al., 2008). However, cilia beat at 

only nine strokes per second following Ribc2 knockdown (Fig. 3.10F).  

Correct axonemal organization is essential for ciliary motility. We therefore 

examined cilia ultrastructure by TEM. In control cilia, both outer and inner dynein arms 

were properly formed whereas only few dynein arms were detected in Ribc2 morphants 

(Appendix Fig. B.5A). In addition, disrupting Ribc2 caused irregular localization of the 9 

microtubule doublets and central pair (Appendix Fig. B.5B). Together, these data 

demonstrate the essential role of Ribc2 for ciliary beating.  

We showed that Ribc2 was required for ciliary motility, consistent with the 

implication that protofilament ribbons are involved in motility (Linck and Norrander, 

2003). Interestingly, phenotypes in Ribc2 morphants showing the irregular arrangement 

of outer doublets around the central pair were similar to those observed in Tektin2 

morphants (Mitchell et al., 2007). Given that Tektin2 is a protofilament ribbon protein 

and has the same transcriptional regulation as Ribc2, we asked if these two ribbon 

proteins are redundant or if there is a hierarchical organization. To this end, we knocked  
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Figure 3.11. Ribc2 is required for the proper localization of another ribbon protein, 
Tektin2  

(A) A MCC of a stage 27 control embryo injected with Tektin2-GFP and membrane-
RFP. (B) A MCC of a stage 27 embryo injected with Ribc2 morpholino, Tektin2-GFP, 
and membrane-RFP. (C) The length ratio of Tektin2-GFP to membrane-RFP is 
quantified. The ratio is significantly reduced to 0.48±0.016 (Mean±SEM) following 
Ribc2 knockdown, as compared to 0.80±0.008 in control embryos. p<0.0001 Mann-
Whitney test.  
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down Ribc2 and examined Tektin2-GFP axonemal localization. In control MCCs, 

Tektin2-GFP localizes along the proximal 80% of the axoneme (Fig. 3.11A, C). 

However, only 48% length of axoneme shows Tektin2-GFP localization in MCCs 

following Ribc2 knockdown (Fig. 3.11B, C). These data suggest that Ribc2 is required 

for proper Tektin2 localization in axonemes. Together, by combing genomic, 

bioinformatics, and cell biological approaches, we have identified novel functions of 

Rfx2-dependent genes and have begun to understand the organization of the factors 

essential for ciliary beating. 

 

3.3 DISCUSSION 

3.3.1 Rfx2 controls different cilia types 

Cilia are cellular organelles that protrude from the surface of cells and have 

essential functions in various organisms. Cilia can be generally categorized as either 

primary cilia or motile cilia. Primary cilia are short, immotile, and assembled with 9 + 0 

arrangements of microtubules. Motile cilia, on the other hand, are typically longer and 

contain a 9 + 2 axonemal ultrastructure (Satir and Christensen, 2007).  

To date, several transcription factors have been reported to regulate genes 

encoding proteins necessary for cilia assembly (Ait-Lounis et al., 2007; Arai et al., 2009; 

Ashique et al., 2009; Baas et al., 2006; Beckers et al., 2007; Bonnafe et al., 2004; El Zein 

et al., 2009; Gresh et al., 2004; Igarashi et al., 2005; Stubbs et al., 2008; Yu et al., 2008). 

Among those transcription factors, some specifically govern motile cilia biogenesis, such 

as FoxJ1 and Noto (Arai et al., 2009; Beckers et al., 2007); some only control primary 

cilia formation, such as Hnf1b and Rfx4 (Gresh et al., 2004; Igarashi et al., 2005). Only 

Rfx3 has been shown to control ciliogenesis of both primary cilia and motile cilia (Ait-
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Lounis et al., 2007; Baas et al., 2006; Bonnafe et al., 2004; El Zein et al., 2009). We 

showed here that, similar to Rfx3, Rfx2 was also essential for ciliogenesis of various cilia 

types (Fig. 3.3, 3.5, 3.7). Although both Rfx2 and Rfx3 had similar expression patterns 

(Fig. 3.1 and 3.2D-G), Rfx2 controlled ciliogenesis more broadly than Rfx3 during early 

embryonic development. For example, cilia dysfunction-associated phenotypes such as 

defects in neural tube closure and Shh signaling were observed in Rfx2 knockdown, 

whereas no similar defects were found in Rfx3 morphants.  

Although the functions and axonemal ultrastructures of primary cilia differ from 

motile cilia, the core biogenesis systems are conserved. Hence, it will be interesting to 

investigate whether Rfx2 controls overlapping machinery in vertebrate primary cilia and 

motile cilia. We anticipate that motile cilia-specific components such as cilia beating-

essential genes will not be activated by Rfx2 in primary ciliated tissues. If this is the case, 

the mechanisms underlying transcriptional inhibitions, such as epigenetic controls or 

association of novel Rfx2 co-factors may be involved and need further investigation.   

 

3.3.2 RFX factors may work together to control target genes 

In contrast to what has been observed in invertebrates, knockdown of Rfx2 did 

not lead to complete cilia loss in any tissues examined here in Xenopus (Fig. 3.3F-K, 3.5, 

3.7C-D). This may be a result of residual Rfx2 function due to incomplete knockdown. 

Alternatively, it could be the consequence of redundant RFX functions. The latter 

hypothesis is supported by the observation that ciliary loss is incomplete in RFX3 and 

RFX4-deficient mutant mice and that no differences in binding specificity between RFX 

proteins have yet been described (Ait-Lounis et al., 2007; Ashique et al., 2009; Baas et 

al., 2006; Bonnafe et al., 2004; El Zein et al., 2009).  
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In addition to the loss-of-function experiments, we also performed gain-of 

function analysis by over-expressing GFP-tagged Rfx2 proteins. Surprisingly, genes that 

were down-regulated in Rfx2 morphants also showed reduced expression when Rfx2 was 

over-expressed (Appendix Fig. B.6). The data suggested that more Rfx2 resulted in a 

dominant-negative effect. It has been reported in vitro that RFX-1, -2, -3, -4 proteins can 

form homo- or hetero- dimers with each other (Reith et al., 1994), though this has not 

been demonstrated in vivo, and there are no functional reports on the consequences of 

dimmerization. Can various combinations of RFX dimers control different pools of target 

genes? Do some dimers prevent the nucleus localization of RFX factors? Hence, the 

possibility that exogenous Rfx2 dimerizes with endogenous Rfx2 or other Rfx factors to 

prevent the activation of downstream targets needs further investigation. Moreover, we 

noticed that Rfx2 mRNA expression level significantly increased following Rfx2 

knockdown. The data suggested an inhibitory feedback loop controlling Rfx2 

transcription. Therefore, over-expression of Rfx2 might turn on the inhibitory regulation 

and shut down the endogenous Rfx2 expression.   

 

3.3.3 Rfx2 controls a wide range of ciliogenic machinery  

Pioneering work demonstrated the essential role of RFX/DAF-19 in ciliogenesis 

in C. elegans (Swoboda et al., 2000), and identified several DAF-19 target genes 

involved in cilia assembly (Swoboda et al., 2000). Subsequent genome-wide studies used 

the X-box motif to identify novel Rfx target ciliary genes in C.elegans and in other 

organisms (Avidor-Reiss et al., 2004; Blacque et al., 2005; Chen et al., 2006; Efimenko et 

al., 2005; Haycraft et al., 2001; Li et al., 2004; Schafer et al., 2003; Winkelbauer et al., 
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2005). However, the genome-wide characterizations of RFX targets remain understudied 

in vertebrates.  

Consistent with data from worms, flies, and mice, we showed here that Rfx2 

directly regulated IFT-B complex components, axonemal dynein subunits, and transition 

zone components (Fig. 3.8 and Table 3.1). By contrast, in the worm and the fly, RFX 

controls all BBS proteins, and we found only BBS4 to be differentially expressed by 

Rfx2 knockdown (Fig. 3.8). Given that RFX genes are duplicated in vertebrates and some 

share similar expression patterns, other RFX proteins might be key factors or have 

redundant functions in controlling BBS proteins.  

Interestingly, our analysis identified several additional ciliary systems that have 

not been associated with RFX factors, including IFT-A component, planar cell polarity 

(PCP) effector genes, cilia compartmentalized genes, and centriolar genes (Fig. 3.8). 

These novel Rfx2 functions might reflect the more complex ciliary structures in 

vertebrates. In addition, since our analysis was performed on MCCs, we could not rule 

out the possibilities that Rfx2 only regulates these additional ciliary machinery in MCCs.  

 

3.3.4 Ribc2, a protofilament ribbon protein, is essential for ciliary beating 

We found that Rfx2 directly controlled various genes involved in ciliary beating. 

These include axonemal dynein (Dnah2, Dnah5, Dnah3, Dnah1, Dnah7, Dnah8, Dnal4, 

Dnal1) (Fliegauf et al., 2005; Mazor et al., 2011; Neesen et al., 2001; Omran et al., 2000; 

Zhang et al., 2002), PCP genes (Frizzled, Prickle) (Mitchell et al., 2009; Vladar et al., 

2012), tubulin polyglutamylases (ttll1, ttll7, ttll9, ttll13) (Ikegami et al., 2010; Kubo et 

al., 2010; Pathak et al., 2007; Suryavanshi et al., 2010; Vogel et al., 2010; Wloga et al., 

2008; Wloga et al., 2009), several poorly studied ciliary beating genes (Ropn1l, Mns1, 
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Hydin) (Fiedler et al., 2013; Lechtreck et al., 2008; Zhou et al., 2012), and all currently-

known protofilament ribbon genes (Tekt2, Tekt3, Tekt4, Ribc1, Ribc2, Efhc1) (Ikeda et 

al., 2003; Ikeda et al., 2005; Roy et al., 2007, 2009; Tanaka et al., 2004).  

The implication that protofilament ribbon proteins are essential for the ciliary 

motility is mainly based on Tektin studies (Roy et al., 2007, 2009; Tanaka et al., 2004). 

However, there is no direct evidence to show the involvement of Ribc proteins in ciliary 

beating. Combining various approaches, we showed here that Ribc2 indeed was a ciliary 

motility gene. Knockdown of Ribc2 caused loss of outer dynein arms and unorganized 

microtubule doublets in the axoneme, which explained observed motility defects 

(Appendix Fig. B.5A,B). In addition, Ribc2 was required for the localization of another 

protofilament ribbon protein, Tektin2 (Fig. 3.11A-B). The data suggested that Ribc2 play 

a role in recruiting another ribbon protein. However, whether the defective Tektin2 

localization was caused by the loss of binding partner, Ribc2, or was a secondary effect 

remain unclear. 

Notably, in Ribc2 morphants, Tektin2 failed to localize to more distal part of 

axonemes whereas the proximal localization was not affected (Fig. 3.11A-3.11C). The 

data suggested that other factors, possibly also protofilament ribbon proteins, are also 

essential or have redundant roles as Ribc2 in recruiting or maintaining proximal 

localization of Tektin2. It is not surprising that axoneme is compartmentalized since 

different components have been observed to distribute to specific regions along the 

axoneme. For example, components of axonemal outer dynein arms, DNAH5, localizes 

along the axoneme whereas DNAH9 only occupies at proximal region in mammals 

(Fliegauf et al., 2005). Microtubule-binding proteins, EB3 and CLAMP, localizes at 

distal tip while Map7 in proximal ciliary compartment in Xenopus (Brooks and 

Wallingford, 2012). We and others performed TEM analysis and showed that 
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protofilament ribbon proteins were required for the proper localizations of outer dynein 

arms (Mitchell et al., 2007). If protofilament ribbons are indeed functionally 

compartmentalized along the axoneme, outer dynein arms may only be defective at 

specific regions following knockdown of certain protofilament ribbons. Immunostaining 

of outer dynein arm components would shed the light on this question. However, 

currently available antibodies can not recognize outer dynein arm factors in Xenopus. 

Hence, understanding how protofilament ribbon proteins affect dynein arm components 

remains challenging.        
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 CHAPTER 4: RFX2 GOVERNS MULTI-CILIATED CELL 
INTERCALATION  

 

4.1 INTRODUCTION 

Multi-ciliated cells (MCCs) generate fluid flow that is central to the development 

and homeostasis of a variety of epithelial organs in vertebrate animals (Afzelius, 1995). 

These specialized epithelia are found in diverse tissues ranging from the respiratory tract, 

where motile cilia clear mucous and debris (Knowles and Boucher, 2002; Williams, 

1859); the ventricles of the brain where cilia move cerebrospinal fluid (Worthington and 

Cathcart, 1963); and the reproductive tract, where cilia transport the egg along the 

oviduct (Lyons et al., 2006). Defects of ciliary assembly and motility lead to various 

human diseases, such as primary ciliary dyskinesia, respiratory infections, hydrocephalus, 

and infertility (Ibanez-Tallon et al., 2003; Lyons et al., 2006; Zariwala et al., 2007).  

The frog embryonic epidermis produces a directional fluid flow generated by 

multi-ciliated cells, and serves as an excellent model system to understand the biogenesis 

of multi-ciliated cells (Dubaissi and Papalopulu, 2011; Hayes et al., 2007). Importantly, 

studies of MCCs in the Xenopus epidermis and mammalian airway MCCs have shown 

many conserved features. For example, Xenopus epidermal MCCs are born from a 

basally-located progenitor population that expresses p63, a situation that reflects the 

homeostatic replacement of MCCs from p63-positive basal stem cells in the mammalian 

airway (Drysdale and Elinson, 1992; El Zein et al., 2009; Evans and Moller, 1991; Lu et 

al., 2001; Rock et al., 2009). Moreover, Notch/Delta signaling has been identified as an 

essential factor for multi-ciliated cell fate specification in both the Xenopus epidermis and 

mammalian airway (Deblandre et al., 1999; Marcet et al., 2011; Morimoto et al., 2010; 
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Tsao et al., 2009). Thus, studies of MCCs in the Xenopus epidermis can often effectively 

model development of mammalian airway MCCs. 

The embryonic Xenopus epidermis develops after gastrulation through the 

differentiation of two distinct cell layers (Drysdale and Elinson, 1992). Cells in the outer 

layer of the ectoderm, also called the superficial layer, differentiate into mucus-secreting 

goblet cells, which are tightly adherent columnar cells. Cells in the inner layer of the 

ectoderm, also called the sensorial layer, are smaller and loosely adherent, and a subset 

give rise to ciliated cell precursors during early neurula stages (Deblandre et al., 1999; 

Drysdale and Elinson, 1992). These precursors then differentiate into MCCs by 

undergoing a series of cellular behaviors, including cell migration, insertion into the outer 

layer, and eventually cilia formation. To date, only a few crucial factors have been shown 

to mediate the developmental processes of MCCs in Xenopus. Cells within the inner layer 

are first selected out by Notch to form ciliated cell precursors which undergo a 

transcriptional cascade, starting with expression Multicilin (MCI), which directly 

activates Foxj1 transcription factor and genes mediating centriole assembly (Deblandre et 

al., 1999; Stubbs et al., 2008; Stubbs et al., 2012). Studies have shown that both Notch 

and MCI have roles in early MCC differentiation, and that Foxj1 is required for basal 

body docking and cilia motility. However, the mechanism by which ciliated cell 

precursors migrate from the basal layer and then intercalate into the superficial layer 

remains poorly studied.  
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4.2 RESULTS 

4.2.1 Rfx2 is essential for the insertion of nascent MCCs into the mucociliary 
epithelium 

Our study described in Chapter 3 demonstrated that Rfx2 was essential for 

ciliogenesis and cilia beating by controlling diverse genes. Notably, among 5000 genes 

whose expression was changed following Rfx2 knockdown, only about 1000 were 

present in the known cilia proteome (Gherman et al., 2006; Inglis et al., 2006).  Even 

allowing the possibility that there were many unidentified ciliary genes in our data set, 

our findings still suggested that a large number of Rfx2-dependent genes might not be 

involved in ciliogenesis or cilia function. We therefore examined Rfx2 morphant 

mucociliary epithelium for additional defects.  

Fate mapping studies have shown that Xenopus MCCs are derived from a basal 

layer containing p63-expressing cells (Drysdale and Elinson, 1992; Lu et al., 2001). The 

precursors of MCCs undergo a series of cellular behaviors, including cell migration, 

insertion into overlying epitheium, and cilia formation. In Rfx2 knockdown epithelia, we 

consistently observed that MCCs failed to emerge into the overlying superficial 

mucociliary epithelium (Fig. 4.1A, B arrow). Thus, our data suggested a previously 

unrecognized role of Rfx2 in controlling the intercalation of nascent MCCs.  

 

4.2.2 Time-lapse movies to study Rfx2-dependent MCCs intercalation 

Previous studies have shown that Xenopus MCCs are derived from the inner 

sensorial layer where p63-expresssing basal cells reside (Drysdale and Elinson, 1992; Lu 

et al., 2001). Notably, MCCs in the mammalian airway also arise from p63-positive basal  
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Figure 4.1. Rfx2 is essential for the insertion of nascent MCCs into the mucociliary 
epitheium 

(A) A cross section view of a control embryo labeled with ciliated cell marker (cyan). 
Apical surface up. MCCs have inserted into the mucociliary epithelium (arrows). (B) A 
cross section view of a Rfx2 morpholino-injected embryo. MCCs fail to insert into the 
overlying epithelium (arrows).  
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cells (Evans and Moller, 1991; Rock et al., 2009). Although the mammalian airway 

epithelium does not contain two distinct cell layers, the p63 positive precursor cells are 

not initially in contact with apical surface of the airway epithelium, and need to insert 

into the superficial epithelium. Thus, apical insertion into an overlying epithelium is a 

conserved feature of nascent MCCs in Xenopus epidermis and mammalian airway. This 

process requires apically directed cell movement, junctional remodeling as new MCCs 

contact apical epithelial surface, and apical cell expansion providing a surface for ciliary 

biogenesis. The molecular mechanisms underlying cellular processes are largely 

unknown. Therefore, we used time-lapse imaging to define the cell behaviors that 

characterize MCC intercalating.  

To observe the insertion of MCCs into the overlying epithelium, we used a MCC-

specific α-tubulin enhancer element to drive expression of fluorescent proteins of 

interests in MCCs (Stubbs et al., 2006). Consistent with previous findings (Stubbs et al., 

2006), MCCs were observed to only insert at the vertex where at least three cells meet in 

the superficial cells (Fig 4.2). Time-lapse imaging helped to further dissect the insertion 

process into two broad categories of cell behaviors. First, as MCCs moved apically 

toward to multi-cellular junctions in the superficial layer, they exhibited a star-shaped 

morphology and thin cellular protrusions probed into overlying cell-cell boundaries (Fig. 

4.2B). Subsequently, this behavior ceased and was followed by the expansion of the 

apical MCC (Fig. 4.2D-4.2F). In Rfx2 morphants, the initial probing during the apical 

movement and the insertion of MCCs into the vertex was qualitatively normal (Fig. 4.3B-

4.3D). However, apical surface expansion was strongly inhibited (Fig. 4.3E-4.3F). 

Together, these data demonstrated a crucial, novel role of Rfx2 in MCC intercalation.    
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Figure 4.2. Nascent MCCs undergo the probing phase and apical expansion phase during 
their insertion into the overlying epithelium 

(A)-(F) To observe the insertion of MCCs into the overlying epithelium, a MCC-specific 
α-tubulin enhancer element to drive expression of membrane-GFP was used. (B)-(C) 
Note MCCs first exhibited a star-shape morphology and cell protrusions probed into 
overlying cell-cell boundaries. (D)-(F) The probing phase ceased and apical surface 
expanded in MCCs.   
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Figure 4.3. Rfx2 is essential for the apical expansion during MCC intercalation 

(A)-(F) To observe the insertion of MCCs into the overlying epithelium, a MCC-specific 
α-tubulin enhancer element to drive expression of membrane-GFP was used. (B)-(C) A 
star-shape morphology and cell protrusions were observed, indicating the initial probing 
was qualitatively normal following Rfx2 knocksown. (D)-(F) However, apical surface 
expansion was strongly inhibited in MCCs. 
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4.2.3 Rfx2 acts cell-autonomously to control insertion of nascent MCCs into the 
mucociliary epithelium  

It has been shown that Rfx2 is robustly expressed in epidermal MCCs (Chung et 

al., 2012). Interestingly, RT-PCR also detected weak expression of Rfx2 in superficial 

goblet cells, though it is unclear what roles goblet cells play during the MCC 

intercalation. Rfx2 may act in MCCs to control their cell movement and insertion into the 

epithelium, or alternatively might control behaviors in goblet cells to facilitate this 

process. To distinguish between these possibilities, we performed a transplantation assay 

prior to MCC insertion in which the overlying superficial epithelium from a control 

donor embryo was grafted on top of the inner layer of an Rfx2-knockdown host, and vice 

versa (Fig. 4.4A-4.4C). At stage 26, MCCs derived from the control host embryos 

intercalated into outer layer epithelium transplanted from either control or Rfx2 

knockdown embryos (Fig. 4.4A’, 4.4B’). However, MCCs derived from Rfx2 morphant 

inner layer ectoderm failed to insert properly into control outer epithelium cells (Fig. 

4.4C’, 4.4C’’). Thus, our data indicated that Rfx2 acts cell-autonomously to control MCC 

insertion.    

 

4.2.4 Rfx2 controls insertion of nascent MCCs via Slit2  

The behavioural and molecular mechanisms underlying nascent MCC insertion 

into superficial epithelium, including the formation of characteristic epithelial cell 

adhesions with neighboring goblet cells, is uncharacterized. To gain insights into this 

process, we searched our large dataset of Rfx2 target genes for factors that were involved 

in cell migration or junctional remodeling. Interestingly, we found many genes related to 

the Slit/Robo signaling pathway, which controls cell movement and cell adhesion in  
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Figure 4.4. Rfx2 acts cell-autonomously to control insertion of nascent MCCs into the 
overlying epithelium 

(A)-(C) Illustration of the transplantation experiments. The superficial layer from either 
control (A)(A’) or Rfx2 knockdown embryos (B)(B’) was transplanted to the control host 
embryos. (C)(C’) The superficial layer from control embryos was transplanted to the 
Rfx2 knockdown embryos. At st. 26, MCCs derived from the control host have 
intercalated into the outer layer transplanted from either control (A’) or Rfx2 knockdown 
embryos (B’). (C’) MCCs in which Rfx2 was knocked down failed to insert properly into 
control outer epithelium. (C’’) A z-view of two MCCs in (C’).   
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various tissue morphogenesis (Fish et al., 2011; Jia et al., 2005; Santiago-Martinez et al., 

2006; Santiago-Martinez et al., 2008; Ypsilanti et al., 2010). We found that expression of 

the Slit2 ligand and the Robo3 receptor were significantly reduced following Rfx2 

knockdown, as well as that of the intracellular effectors, SRGAP1 and SRGAP2 (Table 

3.1). 

 To examine the involvement of Slit/Robo in MCC insertion, we first focused on 

Slit2, which showed the strongest downregulation among Slit/Robo signaling genes 

following Rfx2 knockdown. At the developmental stage in which most control MCCs 

have completed their apical insertion into the overlying epithelium (Fig. 4.5A, arrow), we 

found that Slit2 knockdown disrupted insertion of most nascent MCCs into the 

mucociliary epithelium (Fig. 4.5B, arrow). Moreover, we observed that MCCs receiving 

no Slit2 morpholino could insert properly into the superficial layer where Slit2 was 

knocked down in neighboring goblet cells (Fig. 4.5B, arrowhead). This data 

demonstrated that Slit2 governed nascent MCCs insertion in a cell-autonomous fashion, 

which was consistent with the role of Rfx2. Taken together, these data suggested that 

Rfx2 controls insertion of nascent MCCs by mediating Slit2. Furthermore, this study 

uncovered a novel role of Slit2 and shed the light on the morphogenetic events during 

mucociliary epithelium development.   
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Figure 4.5. Slit2 is required for MCC insertion into the overlying epithelium 

(A) A control embryo injected with membrane-RFP and α-tubulin >membrane-GFP to 
label MCCs. Injected embryos were then fixed and stained with RFP, GFP, and α-
acetylated tubulin. (B) Slit2 morpholino was injected with membrane-RFP and α-tubulin 
>membrane-GFP. Note that MCCs fail to insert into the mucociliary epithelium 
following Slit2 knockdown (arrows). In addition, MCCs (arrowheads) with no Slit2 
morpholino insert into the superficial layer containing Slit2 morpholino. This data 
indicate Slit2 controls MCCs in a cell-autonomous fashion.   
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4.3 DISCUSSION 

4.3.1 Rfx2 is required for MCC insertion, a novel non-ciliary function 

The essential roles of RFX/DAF19 factors in regulating ciliogenesis are 

conserved in C.elegans, Drosophila, Xenopus, zebrafish, and mice (Thomas et al., 2010). 

In C.elegans and Drosophila, different RFX isoforms have been identified. One is 

specifically necessary for ciliogenesis, whereas the others control non cilia associated 

functions (Dubruille et al., 2002; Otsuki et al., 2004; Senti and Swoboda, 2008; Swoboda 

et al., 2000). By contrast, functions of vertebrate ciliogenic RFX factors are not always 

restricted to ciliogenesis. For example, RFX4 is not only required for neural tube cilia 

assembly but also controls the expression of a testis-specific histone (Ashique et al., 

2009; Wolfe et al., 2008). RFX3 controls expressions of ciliary genes and glucokinase 

genes in the mouse endocrine pancreas (Ait-Lounis et al., 2007; Ait-Lounis et al., 2010), 

demonstrating its essential role in both ciliary and non-ciliary functions within the same 

tissue. Combining genome-wide sequencing and cell biology studies, we showed that 

Rfx2 governed diverse ciliary machinery. Furthermore, using this approach, we identified 

a novel non-ciliary role of Rfx2 in controlling nascent MCCs insertion into the 

mucociliary epithelium.  

Using genome-wide approaches, we identified many Rfx2-dependent ciliogenesis 

genes (Chapter 3). Importantly, our study provided the first large-scale dataset showing 

novel non-ciliary assembly molecules controlled by RFX factors. Using GO term 

analysis, we found that Rfx2 regulated a wide range of cellular mechanisms, including 

cytoskeleton organization, vesicle-mediated transport, actin filament-based processes, 

membrane organization, and cell motion. Given that deep-sequencing analysis was 

performed on intact mucociliary epithelium and Rfx2 is not only expressed in the MCCs 
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of the mucociliary epithelium, we could not yet rule out the possibility that identified 

factors were only regulated by Rfx2 in non-ciliated cells. Despite this, taken together our 

data suggests that Rfx2 plays many novel roles in MCC development and this approach 

has allowed us to begin unraveling cellular and molecular mechanisms governing 

insertion of MCCs into the mucociliary epithelium.   

 

4.3.2 A genetic architecture for development of multi-ciliated cells 

Our study provided the first comprehensive study of Rfx2 -mediated 

transcriptional regulation of ciliogenesis in multi-cilaited cells (Chapter 3). Together with 

previous studies, we are able to build a model of the genetic architecture required for 

MCC development (Fig. 4.6). At the top of this hierarchy was Notch/Delta signaling, 

required for MCCs specification (Deblandre et al., 1999; Morimoto et al., 2010; Tsao et 

al., 2009). MCI, the transcription factor capable of converting naïve epithelial cells into 

MCCs, sits downstream to drive MCC programs (Stubbs et al., 2012). Subsequently, 

Foxj1 and Rfx2 play largely non-overlapping roles in ciliogenesis (Stubbs et al., 2008). In 

addition to the transcription network controlling cilia biogenesis in MCCs, we now 

demonstrate that Rfx2 also controls MCC insertion into the mucociliary epithelium.  

 

4.3.3 Rfx2 drives nascent MCCs insertion through Slit2 

Our study identified Rfx2 as the first transcription factor to control insertion of 

nascent MCCs into overlying epithelium. Furthermore, our data has begun to unravel 

molecular mechanisms regulating cell behaviors during early MCC development by 

characterizing the role of Rfx2 target genes during this process. Here we showed that  
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Figure 4.6. Rfx2 has various roles during MCC development 
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expression of Slit2, a ligand in the Slit/Robo pathway, was significantly reduced 

following Rfx2 knockdown and that Slit2 was a direct target of Rfx2 (Table 3.1). Given 

that Slit/Robo was involved in cell migration and cell-cell interaction in various systems 

(Ypsilanti et al., 2010), we hypothesized that Slit/Robo was important to govern the 

insertion process of MCCs. Indeed, we observed that MCCs failed to insert properly into 

mucociliary epithelium in Slit2 morphants (Fig. 4.5A, B). Moreover, consistent with our 

Rfx2 data (Fig. 4.4), Slit2 controls nascent MCC intercalation cell-autonomously (Fig. 

4.5B). 

 Slit/Robo signaling is involved in a wide range of tissue morphogenetic events 

through mediating various biological functions (Ypsilanti et al., 2010). For instance, 

Slit/Robo repulsion is crucial for guiding axon growth in hindbrain (Andrews et al., 2008; 

Metin et al., 2008). Slit/Robo controls cell movement by regulating cortical caherin level 

(Rhee et al., 2002; Santiago-Martinez et al., 2008; Zhou et al., 2011). Notably, Slit can 

act locally to suppress cadherin-mediated adhesion, leading to a hypothesis that Slit2 

ligand, secreted from MCCs, may facilitate the insertion process by locally reducing 

adhesion. This hypothesis is supported by the observation that E-cadherin levels are 

reduced at the cortex of MCCs as compared to goblet cells (Fig. 4.7A). Moreover, our 

preliminary data show an increase in cortical E-cadherin in MCCs following Rfx2 

knockdown (Fig. 4.7B), suggesting Rfx2 controlls the insertion process by Slit2-mediated 

E-cadherin turnover. To test this mechanism, several points need to be addressed: First, 

E-cadherin level, in MCCs following Slit2 knockdown needs to be examined. Second, 

where is the Slit2 receptor Robo3 expressed in the mucociliary epithelium, and does Slit2 

function in an autocrine or paracrine fashion to control insertion. 
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Figure 4.7. Rfx2 controls maintenance of cortical E-cadherin levels during MCC 
intercalation 

(A)(B) A MCC of a control embryo injected with membrane RFP and stained with RFP 
(A) and E-cadherin antibody (B). E-cadherin levels are reduced at the cortex of MCCs, as 
compared to the surrounding cortex of goblet cells. (C)(D) A MCC of a Rfx2 knockdown 
embryo injected with Rfx2 morpholino and membrane RFP, and stained with RFP (C) 
and E-cadherin antibody (D). Note that an increase in cortical E-cadherin in MCCs 
following Rfx2 knockdown. (E) Cortical E-cadherin levels were compared between 
MCCs and surrounding goblet cells in either control or Rfx2 knockdown embryos. The 
relative cortical E-cadherin levels are significantly increased to 0.93±0.02 (mean±SEM) 
in Rfx2 morphants, as compared to 0.77±0.02 in control embryos. *** p<0.0001 Mann-
Whitney test. 
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CHAPTER 5: CONCLUSIONS  

Throughout the lifespan of an organism, shape changes are crucial for cells to 

perform their essential functions. Previous studies have shown that some factors, such as 

Fog in Drosophila and Shroom in mice and Xenopus are essential regulators of cell shape 

(Haigo et al., 2003; Hildebrand and Soriano, 1999; Zusman and Wieschaus, 1985). It is 

important to understand the upstream controls of these regulators. 

It has been shown that Shroom3-mediated cell shape change is essential for neural 

epithelial morphogenesis (Haigo et al., 2003; Hildebrand and Soriano, 1999; Lee et al., 

2007; Nishimura and Takeichi, 2008). Robust Shroom3 expression in different epithelial 

tissues, such as gut, led us to ask whether Shroom3 was a more global regulator of tissue 

morphogenesis. Indeed, we showed in Chapter 2 that Shroom3 was involved in gut 

morphogenesis through regulating the apical constriction and cell elongation in gut 

epithelium. Moreover, we identified the transcription factor Pitx1 as the upstream factor 

that directly activates Shroom3 expression and, thus, controls gut morphogenesis. Finally, 

we showed that Pitx1 was both necessary and sufficient to induce Shroom3 transcription 

(Chung et al., 2010). Our study suggested that Shroom3 might broadly control epithelial 

morphogenesis, and we identified the first direct transcriptional controller of apical 

constriction in vertebrates.  

In recent years, studies have demonstrated the essential role of Shroom3 in 

different tissues, including lens invagination in mice and rosette assembly in zebrafish 

proneuromast (Ernst et al., 2012; Plageman et al., 2010). In addition, essential factors, 

such as Pax6 and FGF, which pattern the mammalian lens and zebrafish proneuromasts 
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respectively, are required for Shroom3 expression in these tissues. However, whether 

Shroom3 is the direct downstream target of Pax6 and FGF signaling remains unclear.  

Biogenesis of cilia is an important and complex cell shape change process that 

allows various organs to function normally. Although a large number of ciliogenic factors 

have been identified, only a handful of transcription factors are known to control cilia 

assembly (Thomas et al., 2010).  

We showed in chapter 3 that the Rfx2 transcription factor was required for 

ciliogenesis in neural epithelium, node, and epidermis multi-ciliated cell, demonstrating 

its essential role in controlling assembly of both primary and motile cilia (Chung et al., 

2012). We then used genome-wide approaches including RNA- and ChIP-sequencing to 

identify Rfx2 downstream targets. Similar to C. elegans and Drosophila, Rfx2 controlled 

a wide range of ciliogenic machinery, including components of the IFT-B complex, the 

transition zone, and axonemal dyneins. We also identified ciliary components not yet 

associated with any RFX proteins, including a PCP effectors and tubulin glutamylases. In 

addition, by combining bioinformatics approach, we also characterized the function of 

Rfx2-dependent ciliary genes, including Ttc29, required for cilia assembly, and Ribc2 

essential for ciliary beating.  

Our genome-wide study of the Rfx2 regulatory network not only provided 

comprehensive data on Rfx2-dependent ciliary components in MCCs, but also led us to 

identify a novel role of Rfx2 in controlling insertion of MCCs into the overlying 

epithelium. It remains largely unknown how nascent MCCs are regulated during the 

insertion process. We showed here that Slit2, a target of Rfx2, was involved in MCC 

movements possibly by mediating cortical E-cadherin levels. Together, our study of Rfx2 

allowed us to begin to understand genetic control of MCCs in the mucociliary epithelium.  
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Notably, we found that Shroom3 was down-regulated following Rfx2 knockdown 

and was a direct target of Rfx2. Although we did not observe Shroom3 epidermal 

expression in our previous study, it is likely that Shroom3 transcription in the epidermis 

is too weak to detect by in situ hybridization. This finding raised an interesting question: 

is Shroom3 also involved in the insertion of MCCs into overlying epithelium? Given that 

MCCs undergo apical expansion once they reach to the apical surface of epithelium, it is 

unlikely for Shroom3 to be involved in this particular process. We do note, however, that 

nascent MCCs show constricted morphology when they move away from the basal layer. 

It remains unclear that formation of the constricted morphology is a force driving MCCs 

to move apically or a passive result from surrounding epithelium. The hypothesis that 

Shroom3 can mediate cell shape change of nascent MCCs needs to be further 

investigated. 

Additionally, we found that Rfx2 was weakly expressed in superficial goblet cells 

and our sequencing data showed that Rfx2 was required for expression of goblet cell-

specific proteins, such as Xeel (Appendix Fig. B.7). These data suggest that Rfx2 

controls over goblet cell development and need to be further analyzed. Furthermore, it 

may be important to determine whether Rfx2 is required cell- or non cell-autonomously 

in goblet cells.  

In summary, we started with a candidate gene approach to identify that the 

transcription factor, Pitx1 regulated gut morphogenesis through the direct control of 

Shroom3 expression. We then performed a genome-wide approach to provide a 

comprehensive mechanism by which a vertebrate RFX protein controlled ciliogenesis. 

Furthermore, we identified novel roles of Rfx2 and have begun to explore cellular 

behaviors of nascent MCCs in mucociliary epithelia. 
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Appendix A: Materials and Methods 

 

A.1 MORPHOLINO AND RNA INJECTION 

Capped mRNA was synthesized using mMESSAGE mMACHINE(Ambion). 

mRNA and morpholino was injected into one ventral blastomere at the 4-ell stage to 

target the epidermis and into dorsal blastomeres to target the neural tissues (Moody, 

1987). Shroom3 or Pitx1 anti-sense morpholino oligonucleotide was injected in D21 

blastomere at 16-cell stage. Embryos were incubated until appropriate stages according to 

Nieuwoop and Faber (Nieuwkoop and Faber, 1994) and were fixed in MEMFA 

(Davidson and Wallingford, 2005). Embryos were embedded on 2 % agarose and thick 

(250-300 micron) sections were cut with a Vibratome series 1000 (Davidson and 

Wallingford, 2005).  

Pitx1 morpholino: CATGGTCAATCACTTCTGCTCATGA 

Rfx2 morpholino: AATTCTGCATACTGGTTTCTCCGTC  

Ttc29 morpholino: GTGCACTCATTCTCTTCAAGTTTGC 

Ribc2 morpholino: CGATAGGCAGATCCAGTCGGTACAT 

Slit2 morpholino: TTCAGGTCTCTGGGAAAACAGGAAC 

 

A.2 IN SITU HYBRIDIZATION  

In situ hybridization was performed as described previously (Sive et al., 2000). 

The images and fluorescence view were captured on a fluorescent stereomicroscope, 

Leica MZ16FA. To observe cell morphology, embryos were then immunostained with α-

tubulin and imaged as mentioned above.  
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A.3 ANIMAL CAPS EXPLANTS AND REVERSE TRANSCRIPTASE PCR   

Pitx1 mRNA or Pitx1-GR mRNA was injected into animal pole at 4-cell stage. 

Animal cap explants were dissected at stage 8 and cultured as described previously (Sive 

et al., 2000). Pitx1-GR-injected explants were treated with 10μM dexamethasone (Sigma) 

after 10 minute pretreatment of 10 μg/ml cycloheximide (Sigma) and cultured to the 

appropriate stage. Twenty explants of each sample were collected to make cDNA. PCR 

was performed with the following primers (5’ to 3’, forward and reverse):  

Shroom3, AGGATGAGGGTGACGATGAG and CAAGCCCTCCATTAAGTCCA; 

Shroom1, TCTGGAGAAAGTGGTGAGCCTG and TCATTTGTAGCGGGTGGACG; 

Xag-1, CTGACTGTCCGATCAG and CTTAGAGATGGAGAAGTGTGC;  

MyosinIIb, TGCTGCACAATCTGAAGGAC and TCGGATAAATTTGCCAAAGC; 

Mena, AGCGACAGAAGGAGTTGGAAC and GAATCTTCATTCCGGGACACTT; 

Rap1a, GCTCAGGAGGTGTTGGAAAG and AGCAGCAGACATTTTGGTTTC; 

Rap1b, GGAACGGAACAATTCACAGC and CACCACAGGAAAGTCCATTG; 

Rock1, AAACGAGCTCCAGATGCAGT and TGACATGGCATTTTCGACATTC; 

Rock2, GCCAAAAAGTTTGGTTGGAA and TTGGGGATCTTTTTCACCAG;  

Ef1α, CAGATTGGTGCTGGATATGC and ACTGCCTTGATGACTCCTAG. 

Rfx2 morpholino (10ng) was used for animal cap experiments. PCR was 

performed with the following primers (5’ to 3’, forward and reverse): 

α-tubulin 1b, AGATGCCCAGTGACAAGACC and GGGCTCCATCAAATCGTAGA;  

Ift122, CCGAAACCTACATGAAGATCG and CGCAGACCTTGTAGCCTCTC; 

Ift172, GGAAATATGGCCAGAGCAAA and TCCTGTTGCTTCTGTTGCAC; 

TTC25, AGAATGTGCCCTGAAGGATG and GCGTGTCCAGGTACAGGATT; 

WDPCP, TGGCGATTTTATAACGTCATTC and TCTTCCTTTTGGTCCTGGAA. 
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A.4 LUCIFERASE REPORTER ASSAY   

Embryos were injected at the four-cell stage in each blastomere with 100pg 

luciferase reporter constructs, pRL-TK vector, and with/without 100pg Pitx1 mRNA. For 

each sample, three pools of five embryos were collected at stage 12, dual-luciferase 

assays were performed as described (Promega). Firefly luciferase activity was normalized 

to Renilla luciferase activity in each sample.   

 

A.5 IMMUNOHISTOCHEMISTRY 

Fixed embryos were dehydrated completely in methanol and were bleached in 

10 % hydrogen peroxide/67 % methanol for 3 hours and rehydrated consecutively with 

TBS (155 mM NaCl, 10 mM Tris-Cl, pH 7.4). To reduce autofluorescence of yolk 

platelets, the embryos were incubated with 100 mM NaBH4 in TBS for 4 hours at room 

temperature or overnight at 4 ºC and rinsed in TBST (0.1% Triton X-100 in TBS).  

Primary antibodies used were monoclonal anti-α-tubulin antibody (1:500 dilution, 

clone DM1A, sigma), rabbit anti-GFP antibody (1:500 dilution, Invitrogen), chicken anti-

GFP antibody (1:500 dilution, abcam), rabbit polyclonal anti-myc antibody (1:500 

dilution, abcam), mouse anti-acetylated-α-tubulin (1:500, clone 6-11B-1, Sigma), and 

mouse anti-E-cadherin antibody (1:300 dilution, 5D3, DSHB). Antibodies were diluted in 

fetal bovine serum (FBS) solution (TBS containing 10 % FBS and 5 % DMSO). Primary 

antibodies were detected with Alexa Flour 488 goat anti-mouse IgG (Molecular Probes), 

Alexa-555 goat anti-rabbit IgG (Molecular Probes) diluted 1:500 in FBS solution. To 

stain nuclei, DAPI was added in secondary antibody solution. Embryos were cleared in 

Murray’s Clear solution (benzyl benzoate:benzyl alcohol = 2:1). The images were 

obtained using Zeiss LSM5 Pascal confocal microscope. Fiji was used for 

quantifications, including cell heights, cilia length, and cortical E-cadherin levels.   
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A.6 CONFOCAL IMAGING 

High-speed confocal imaging was performed by time-lapse collection of single 

optical section at a frame rate of 370fps using a Zeiss 5LIVE microscope. Images were 

collected from living embryos expressing membrane-GFP driven by MCC-specific 

promoter or together with Ribc2 morpholino.  

For filming the MCC intercalation, living embryos of either control or Rfx2 

morpholino-injected were put on a round cover glass in specially machined dishes 

(Kieserman et al., 2010). Embryos were gently pushed down by a small piece of cover 

glass. Images were collected every 3-5 minutes and were then processed into a time-lapse 

movie using Fiji software. 

 

A.7 TRANSPLANTATION ASSAYS 

Embryos were injected ventrally at 4-cell stage with mRNA encoding either 

membrane-GFP or membrane-RFP. Rfx2 morpholino was injected together with 

membrane-RFP. At stage 10, a fine hair was used to peel off the outer layer from a region 

of the ectoderm of a donor embryo. This outer layer peel was then transferred onto a host 

embryo after removing a similar patch of outer cells. To help the healing process, a small 

piece of glass coverslip with clay feet was used to press down embryos. Transplantations 

were performed in Danilchick’s for Amy (DFA) + 0.1% BSA. After healing, embryos 

were then transferred back to 1/3 MMR. 

 

A.8 RNA SEQUENCING ANALYSIS OF RFX2 KNOCKDOWN 

Total RNAs of 100 animal caps from stage 20 control embryos and from Rfx2 

morphants were collected. After collecting mRNAs with poly-(A)-capturing method, we 
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prepared the sequencing library with standard Ilumina RNA-seq protocol (non-strand 

specific), and sequenced them with HiSeq 2000 for paired-end 2x50bp reads. After 

mapping these reads to longest transcripts of ‘Oktoberfest’ gene models using bowtie 

mapper (version 0.12.7; ‘-a -v 2’ options were applied) (Langmead et al., 2009), we 

estimated normalized gene expression values of each samples by RPKMs (Reads Per 

Kilobase Per Millions of reads), then used edgeR package (Robinson et al., 2010) to 

detect differentially expressed genes between control and Rfx2 knockdowns, with greater 

than 2 fold changes and less than 0.05 FDR cut-off. We identified 1839 genes 

significantly differentially expressed following d Rfx2 knockdown. 

 

A.9 CHROMATIN- IMMUNOPRECIPITATION AND SEQUENCING OF RFX2 

We followed ChIP-seq protocol previously published (Yoon et al., 2011). ChIP 

assays were performed using injected (GFP-Rfx2 and GFP only) X. laevis embryos at 

stage 20. Crosslinking was done with 1% Formaldehyde for an hour and reaction was 

stopped by adding Glycine (to 125mM) for 10 min. Embryos were rinsed with PBS and 

resuspended in lysis buffer with protease inhibitor cocktail (Roch). Chromatin was 

sonicated to an average size of 200 to 600 base pair using Branson 450 sonifier and 

immunoprecipitated with protein G magnetic beads (Invitrogen) coupled with 5µg GFP 

antibody (ab290) at 4°C overnight. Magnetic beads were washed and chromatin eluted, 

followed by reversal of crosslinking. ChIP DNA was extracted with phenol-chloroform 

and purified with QIAquick PCR Purification Kit (Qiagen). ChIP-Seq libraries were 

prepared according to illumina protocol and sequenced using illumina HiSeq system. 

We mapped those reads to Xenopus laevis draft genome (version 6) using bowtie 

mapper (‘-m 1 -n 2’ options were applied), and identified peaks using MACS (version 
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1.4.2) (Zhang et al., 2008) with default option. 2554 putative Rfx2 target genes were 

identified based on: (1) % FDR is less than 5, or (Smith et al.) peak fold enrichment is 

greater than 20, and (Worthington and Cathcart) enriched peak locates less than 10,000 

bases apart from putative target of Rfx2 (in other word, we scan the genomic region of 

longest transcript for each gene model on draft genome, 10,000 bases upstream and 

downstream each, as candidate ChIP-seq peak location). Out of 2554 peaks were 

assigned to nearby genes, 911 of those putative target genes are differentially expressed 

following Rfx2 knockdown. We focused on these genes for further experiments.  
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Appendix B: Miscellaneous Experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Shroom3 is essential for morphogenesis of the developing Xenopus gut 

(A) The expression pattern of Shroom3 in the stage 43 dissected gut. Shroom3 is robustly 
expressed in the foregut, arrow. (B) Normal gut looping in a control stage 46 embryo 
injected with GFP only (green in b’). (C) Gut looping is disrupted following DN-
Shroom3 expression (marked by GFP, green in c’).  (D) Control gut and (E) DN-
Shroom3-injected gut epithelium. GFP+ gut epithelial cells display a high-columnar 
morphology in controls, while cells expressing GFP+DN-Shroom3 display more rounded 
shapes.        Done by Dr. Nascone-Yoder 
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Figure B.2. Ectopic Pitx2 or Pitx3 induces epithelial cell shape change and assembly of 
parallel microtubule arrays 

(A) Control epidermis cells. α-tubulin staining reveals cell cortices. (B) Epidermis cells 
expressing ectopic Pitx2 are marked by His2B-GFP (red nuclei here) and stained with α-
tubulin. (C) Epidermis cells expressing ectopic Pitx2 and DN-Shroom3 were marked by 
His2B-GFP (red nuclei here) and stained with α-tubulin. Apical constriction and 
apicobasal elongation are reverted. Scare bar represents 10 μm. (D)-(F) Same 
experiments as above with Pitx3 mRNA reveal similar results. (G)(H) RT-PCR analysis 
of Shroom3 effectors using animal cap assays. Shroom3 expression was induced 
following Pitx2 or Pitx3 expression. 
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Figure B.3. Phylogeny of vertebrate RFX proteins   

Done by Dr. McGary 
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Figure B.4. Validation of Rfx2-dependent genes by RT-PCR or in situ hybridization 

(A) Schematic shows the animal caps assay. Rfx2 MO is injected into animal pole and 
animal cap explants are then dissected at stage 8. Animal caps are cultured to st. 20 and 
are collected for RT-PCR. (B) RT-PCR results. WE: whole embryos. RT −: no RT 
enzyme added in RT reaction, shown as a negative control. Ctl: control animal caps. Rfx2 
MO: Rfx2 morpholino-injected animal caps. Expression of some ciliary genes requires 
Rfx2. α-tubulin expression, however, is not changed. Ef1α is a loading control. (C) 
Ropn1l, Dnal1, Mak, and Ribc2 are expressed in MCCs and their expression is reduced 
in Rfx2 morphants.  
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Figure B.5. Ribc2 is required for axonemal organization 

(A) Cross section view of the axoneme, showing 9+2 axonemal organization. (B) 
Irregular localization of the microtubule doublets and central pair in a Ribc2 morphant. 
Note that dynein arms not localize properly.  

  

Done by Matt Meyer 
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Figure B.6. Overexpression of Rfx2 inhibits the expression of Rfx2-dependent genes 

(A) RT-PCR results. WE: whole embryos. Ctl: control animal caps. MO: Rfx2 
morpholino-injected animal caps. +RFX2: animal caps injected with Rfx2 mRNA. 
Expression of CCDC19 and DCDC25 is reduced in either Rfx2 knockdown or Rfx2 
overexpression. Ef1α is a loading control.   
      Done by Sarah LeBoeuf and Mei-I Chung
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Figure B.7. Rfx2 controls expression of components of goblet cells 

(A) A control embryo showing Otog expression in goblet cells. (B) Expression of Otog is 
reduced following Rfx2 knockdown. (C) A control embryo showing Intelectin 1 (Xeel) 
expression in goblet cells. (D) Expression of Xeel is reduced following Rfx2 knockdown.  
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