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Abstract 

The Hedgehog (Hh) family of secreted signalling factors play diverse roles in animal 

development. In mammals, the Hh ortholog Sonic hedgehog (Shh) is critical for the 

proper formation of the limbs, central nervous system, and axial skeleton, amoung other 

tissues. Mutations affecting the function of this pathway during development have severe 

consequences to the developing embryo and can cause birth defects in humans. 

Inappropriate activation of the pathway in adult tissues has also been implicated in 

several human cancers. In recent years several unexpected regulatory factors of the 

pathway during embryogenesis and in the adult have emerged through genetic studies in 

the mouse, such as proteins involved in vesicle transport and in the formation and 

function of primary (non-motile) cilia. Evidence is presented here that the mouse Tubby 

gene family member Tubby-like protein 3 (Tulp3) plays an important negative regulatory 

function in the Hh signalling pathway during embryogenesis, a role not previously 

associated with the Tubby proteins. Embryos lacking Tulp3 develop severe neural tube 

defects and polydactyly, along with ectopic activation of Shh target genes in the 

developing limbs and CNS, and altered Shh mediated axon guidance in the developing 

spinal cord. Moreover, Tulp3 was found to act largely independently of Shh, as 

compound Tulp3/Shh mutant embryos retain expression of Shh target genes and related 

abnormalities. Finally, the Tulp3 protein was found to localize to the primary cilium in 

cultured cells, implicating Tulp3, and possibly other Tubby proteins as regulators of 

cilium based signalling. These results have important implications in the understanding of 
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the regulation of the Hh pathway, and in the emergence of Hh related birth defects and 

tumourigenesis.  
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Chapter 1 

General Introduction 
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Members of the Hedgehog (Hh) family of secreted signalling peptides play 

diverse roles in tissue patterning and morphogenesis during development in a variety of 

animal species (Hooper and Scott, 2005; Jiang and Hui, 2008; Varjosalo and Taipale, 

2008). The initial discovery of Hh was through genetic studies in the fruit fly Drosophila 

melanogaster, owing to its importance in the establishment of the segmental pattern of 

larvae (Nusslein-Volhard and Wieschaus, 1980). Since this discovery, mammalian Hh 

orthologs have been identified and found to also play important roles in the development 

of many tissues including the central nervous system (CNS), limbs and axial skeleton. In 

addition, mutations affecting the Hh pathway have been shown to underlie birth defects 

in humans, and inappropriate activation of the pathway in adult tissues contributes to 

tumour formation (Rubin and de Sauvage, 2006). For these reasons, understanding the 

regulation of this pathway during normal and abnormal development and in adult tissues 

has become an area of intense research over the past decade. In this time, much has been 

discovered regarding the similarities between the Drosophila and mammalian pathways, 

and how they have diverged. Many unexpected factors have emerged as critical 

regulatory elements in the mammalian pathway; proteins involved in basic cellular 

processes such as vesicle transport and intraflagellar transport are indispensable to ensure 

correct cellular response to Hh ligands. Moreover, small molecule inhibitors have been 

developed to target this pathway in humans and these have recently been tested in the 

treatment of some cancers.  
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In this document, I present evidence that a protein of a relatively uncharacterized 

small protein family, Tubby-like protein 3, plays an essential role in the regulation of Hh 

signalling during embryogenesis in the mouse. The cellular function of the Tubby 

proteins is not entirely understood, but roles in transcriptional regulation as well as in 

cellular transport have been suggested. Chapter 4 provides evidence for a previously 

unappreciated role for Tulp3 in Hh mediated patterning processes in the embryo, and 

shows that it plays a critical suppressive role in the absence of ligand. Furthermore, Tulp3 

is shown to localize to the primary cilium, an organelle that has recently been shown to 

be of critical importance in the regulation of the pathway, and where many other pathway 

components localize. In Chapter 5 these findings are discussed in light of the current 

understanding of the regulation of Hh signalling and of Tubby protein function.  
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Chapter 2 

Literature Review 
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2.1 The Tubby protein family 

The Tubby family of proteins consists of Tub and the Tubby-like proteins 1-3 

(Tulp1-3). Homologs of all four members are found in both humans and mice, and tubby 

genes have been identified in diverse species including Drosophila melanogaster, Gallus 

gallus, Xenopus laevis, Caenorhabditis elegans, Arabidopsis thaliana, and Zea mays 

(North et al., 1997). The Tubby proteins share a conserved “tubby domain” of around 270 

amino acids located at the C-terminus which does not share homology with other known 

protein domains, while the N-terminal regions show considerable variation between 

different members, as illustrated in Figure 1 (Ikeda et al., 2002). Although a cellular role 

for these proteins is still not clear, studies have indicated that they play several important 

roles in the development and function of neural tissues. The work provided in this thesis 

will provide evidence for a novel role for one member of this family, Tulp3, in the 

regulation of the Hedgehog signalling pathway in mice. In this chapter, background will 

be presented on the Tubby family and the role and regulation of the Hedgehog pathway 

in embryonic development and in the adult.   

2.1.1 Identification of Tubby 

    The tubby mouse arose spontaneously at the Jackson Laboratory (Bar Harbor, 

ME) as the result of an autosomal recessive mutation on chromosome 7 (Coleman and 

Eicher, 1990). Mice homozygous for the tubby mutation developed maturity onset 

obesity with insulin resistance, as well as neurosensory deficits caused by progressive  
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Figure 1. General organization of the Tubby proteins. 

The Tubby proteins share a conserved COOH-terminal “Tubby” domain. This region 

ciontians the DNA binding and phospholipid binding domains as discussed in the text. 

The variable NH2-terminal region contains the putative transcriptional activation domain, 

as well as the nuclear localization signal. 
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retinal and cochlear degeneration (Coleman and Eicher, 1990; Ohlemiller et al., 1997; 

Ohlemiller et al., 1995). Subsequently, two groups reported that tubby was the result of a 

single base pair mutation in a previously unknown gene, Tub (Kleyn et al., 1996; Noben-

Trauth et al., 1996). The mutation, a G to T transversion, was shown to result in the loss 

of a splice donor site in the coding region of the tub mRNA transcript causing the 

retention of an intron, and the substitution of 44 C-terminal amino acids with 20 encoded 

from the intron. This mutation results in a non-functional allele of Tub, since the same 

phenotype was later observed in a transgenic mouse line containing a targeted null 

mutation in Tub (Stubdal et al., 2000).  

Expression of Tub is detected in neurons in the retina and cochlea, as well as 

throughout the brain, with high expression detected in the cerebellum and hypothalamus 

(Ikeda et al., 1999; North et al., 1997). Analysis of retinas in Tub mice showed that the 

retinal degeneration phenotype was the result of apoptosis of photoreceptor cells (Stubdal 

et al., 2000), although the mechanism inducing this is still unclear. The cause of the 

obesity observed in tubby mice is also currently unknown, although altered hypothalamic 

neuroendocrine function has been suggested to play a role (Guan et al., 1998).   

2.1.2 Expression and function of the Tubby-like proteins Tulp1, Tulp2, and Tulp3 

Table 1 sumarizes the phenotypes resulting from inactivation of the various 

Tubby genes in mice. Like Tub, Tulp1 is highly expressed in the retina in both mice and 

humans (Ikeda et al., 1999; North et al., 1997). Mice lacking Tulp1 are viable but quickly  

develop retinal degeneration due to a loss of photoreceptors but, unlike tubby mice, these  
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Mutant Phenotypes References 

Tubby Adult onset obesity, retinal 

and cochlear degeneration 

(Coleman and Eicher, 1990; 

Ohlemiller et al., 1995) 

Tulp1 Retinal degeneration (Ikeda et al., 2000) 

Tub/Tulp1 Accelerated retinal 

degeneration 

(Hagstrom et al., 2001) 

Tulp2 Not reported N/A 

Tulp3 Embryonic lethality, neural 

tube and craniofacial 

defects, anophthalmia, 

polydactyly 

(Cameron et al., 2009; 

Ikeda et al., 2001; Norman 

et al., 2009; Patterson et al., 

2009) 

Table 1. Summary of Tubby protein mouse mutant phenotypes 
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animals do not develop hearing loss or become obese (Ikeda et al., 2000). Moreover, 

mutations in the human TULP1 gene underlie some cases of retinitis pigmentosa, a 

degenerative disease of the retina (Banerjee et al., 1998; Hagstrom et al., 1998). In rod 

photoreceptor cells, Tulp1 protein localizes to the inner segment and is excluded from the 

outer segment and nuclei (Hagstrom et al., 2001).  Normally, rhodposin is synthesized in 

the inner segment and is transported via the connecting cilium to the outer segment. 

Analysis of Tulp1 mutant retinas found that rhodopsin accumulates in the inner segment, 

suggesting that loss of Tulp1 impairs rhodopsin transport to the outer segment, and this is 

proposed to be the cause of photoreceptor apoptosis  (Hagstrom et al., 2001). 

Interestingly, Tub
-/-

Tulp1
-/-

 compound mutant mice show a more severe retinal 

phenotype, with rapid onset of degeneration suggesting that Tub and Tulp1 functions are 

not interchangeable (Hagstrom et al., 2001). 

Mouse Tulp2 expression is detected only in the testis, and at very low levels in the 

retina (North et al., 1997). Although a Tulp2 null phenotype has not yet been reported, an 

analysis of genes involved in regeneration of the flagellum in the algal species 

Chlamydomonas reinhardtii identified Tulp2 as being upregulated during this process 

(Stolc et al., 2005). 

 Of the tubby genes, Tulp3 shows the widest expression patterns in mice and 

humans. It is detected in a number of adult mouse and human tissues (Nishina et al., 

1998) and is the only family member that plays a critical role during embryonic 

development. During murine development, Tulp3 is detected throughout the 
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neuroepithelium and is nearly ubiquitously expressed between E8.5 and E14.5 (Ikeda et 

al., 2001). Mutant Tulp3
-/-

 embryos die at mid gestation and develop severe neural tube 

and craniofacial defects (Ikeda et al., 2001). 

2.1.3 Proposed cellular functions of the tubby proteins 

Although a definite function for the tubby proteins remains unclear, studies have 

suggested roles in transcriptional regulation and in heterotrimeric GTP-binding protein 

coupled receptor (GPCR) signalling. Analysis of the crystal structure of the tubby domain 

revealed an interesting fold containing a hydrophobic helix at the C-terminus which 

passes through a 12 stranded β-barrel; a unique fold among known proteins (Boggon et 

al., 1999). Immunofluorescence experiments in cultured neural cells indicated that tubby 

proteins were localized mainly within the nucleus, suggesting that they might function 

there. Furthermore, the C-terminal tubby domain was shown to be able to bind double 

stranded DNA, although a consensus binding site could not be identified (Boggon et al., 

1999). Moreover, fusion of the N-terminal variable regions of Tub and Tulp1 to the DNA 

binding domain of GAL4 resulted in transcriptional upregulation of a GAL4-dependent 

reporter (Boggon et al., 1999). Together, these results raised the possibility that the 

Tubby proteins comprised a new class of transcription factors with a structure unrelated 

to other known DNA binding proteins.  

Further studies found that while full length and N-terminal regions of Tubby 

localized to the nucleus, the C-terminal tubby domain preferentially localized to the 

plasma membrane. This domain was also shown to specifically bind phosphorylated 
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phosphotidylinositol (PIP) PI(3,4)P2, PI(4,5)P2 and PI(3,4,5)P3, while no binding to 

singly phosphorylated PI was observed (Santagata et al., 2001). Moreover, this 

membrane association of tubby appeared to be regulated by GPCR signalling, since 

activation of Gαq caused removal of Tubby and Tulp3 from the membrane and 

subsequent translocation to the nucleus. These data led the authors to speculate that 

Tubby proteins may act as membrane-tethered transcription factors that, upon stimulation 

of Gαq, translocate to the nucleus to activate gene transcription (Santagata et al., 2001). 

Chapter 4 will describe a novel relationship between Tulp3 and the Hh pathway, 

and show that Tulp3 protein localizes to the primary cilium, an organelle which has 

recently been shown to be critically involved in the regulation of Hh signalling. In order 

to put these results in the proper context, background on Hh pathway follows.  

2.2 The discovery of Hedgehog 

In 1980, a seminal study which presented a systematic screen of genetic mutations 

in Drosophila melanogaster identified several loci that were responsible for controlling 

segmentation of the embryo (Nusslein-Volhard and Wieschaus, 1980). The segmented 

pattern is comprised of 3 thoracic and 8 abdominal segments, each with a band of 

denticles in the anterior portion resulting in a pattern of alternating naked and denticle 

covered cuticle. Mutants whose segmentation pattern was disrupted fell into 3 general 

types; gap mutants in which adjacent segments are deleted, pair-rule mutants in which 

alternating segments are deleted, and segment polarity mutants in which the correct 

number of segments is present but a portion of each segment is deleted. In addition to 
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known segment polarity mutants fused (fu), wingless, and cubitus interruptus (ci), 3 novel 

mutants were identified; gooseberry, patch, and hedgehog (hh). All of the mutations in 

this class (except patch) were the result of a deletion of the posterior (naked) part of each 

segment and a mirror image duplication of the remaining denticle-covered anterior 

portion of the segment – resulting in the ventral surface of the larvae being nearly 

covered in denticles. These results suggested that segment polarity loci, such as hh are 

involved in the specification of the pattern of each segment. Indeed, the hh gene was 

found to be expressed in a striped pattern in the embryo consistent with its role in 

specifying a portion of each segment (Lee et al., 1992). Since its initial discovery, Hh has 

been shown in a variety of organisms to act as a secreted signalling molecule that plays 

several important roles in cell fate determination and pattern formation (Fuccillo et al., 

2006; Hooper and Scott, 2005). 

2.2.1 Hh signal transduction 

In Drosophila, regulation of Hh signalling and associated developmental roles are 

very well studied. Signalling is initiated upon binding of the Hh ligand to the 

transmembrane receptor Patched (Ptc). In the absence of ligand, Ptc inhibits the 

membrane accumulation and activity of the seven transmembrane domain containing 

protein Smoothened (Smo), which associates with intracellular vesicles. Hh binding to 

Ptc releases this inhibition of Smo, and it accumulates at the plasma membrane. Thus, Ptc 

not only acts as a receptor for extracellular Hh, but it represses downstream signaling in 

the absence of ligand. Ligand binding and activated Smo allows downstream signalling to 



 

14 

 

occur and this, in turn, regulates the activity of the transcription factor Cubitus interruptus 

(Ci). In the absence of signalling, Ci can be proteolytically processed to form a 

transcriptional repressor which repressed the expression of Hh target genes. Upon Hh 

pathway activation, this processing is inhibited and the full length Ci protein activates 

transcription of target genes. The activity of Ci is regulated  by a complex of proteins 

consisting of costal-2 (Cos2), an atypical kinesin protein, the serine/threonine kinase, 

Fused (Fu), and Suppressor of fused (Su(Fu)), as well as the kinases protein kinase A 

(PKA) glycogen synthase kinase-3β (GSK3β), casein kinase I (CKI) (reviewed in (Jiang 

and Hui, 2008)). Studies on the importance of hedgehog signalling have revealed some 

important differences and similarities between the Drosophila and mammalian pathways.  

Homologs of many components of the Hh signalling pathway in Drosophila  have 

been discovered to play important regulatory roles in the mammalian pathway. In many 

cases, their function is analogous to that of the Drosophila counterpart, but in others the 

function has been slightly altered. Mammalian Ptc and Smo play analogous roles to their 

fly counterparts; Ptc binds Hh ligands and acts to repress Smo in absence of Hh, while 

Smo is required for Hh signalling. The Gli (Glioma associated oncogene) genes Gli1-3 in 

mammals are homologs of the transcriptional regulator Ci, and function to modulate the 

expression of Hh target genes. The mammalian pathway also involves some other 

important components not associated with Hh signalling in Drosophila indicating that the 

pathway shows considerable evolutionary divergence.  
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2.3 Mammalian Hh 

 Discovery of hh in flies quickly led to efforts to find vertebrate homologs. In 

1993, 3 vertebrate Hh homologs were cloned; Sonic hedgehog (Shh), Indian hedgehog 

(Ihh), and Desert hedgehog (Dhh) (Echelard et al., 1993; Krauss et al., 1993; Riddle et 

al., 1993). Expression analysis in developing embryos revealed that one of these, Shh, is 

specifically expressed at the ventral midline of the developing central nervous system, 

and the posterior margin of early limb buds, two regions of the embryo long recognized 

as important organizing centres. As in Drosophila, mammalian Hh ligands function as 

secreted signalling molecules involved in regulating cell fate and tissue morphogenesis. 

Although Shh is the major Hh ligand involved in early embryonic pattern formation and 

is the main homolog relevant to the focus of this thesis, it should be noted that Ihh and 

Dhh have been shown to play important roles in later development. Signalling by Ihh is 

critical for proper bone formation, while Dhh has been shown to play a role in male germ 

cell specification (Bitgood et al., 1996; St-Jacques et al., 1999).  

The role of Hh signalling in mouse development has been very widely studied 

since the identification of the mouse Hh genes, and the field continues to benefit from 

intense research into the mechanisms of Hh signal transduction and Hh-dependent 

embryonic patterning by many labs around the world. Two of the best studied systems in 

this regard are the developing limb bud and neural tube. 
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2.3.1 Limb development 

 The vertebrate limb begins to develop at mid-gestation (E9.5 in mice), as a group 

of mesenchymal cells encased by an ectodermal layer which protrudes from the flank, 

forming the limb bud. As the limb bud grows outward, formation of all the necessary 

elements including the skeleton, musculature, blood vessels and epidermis must be 

properly shaped in time and space to ensure the proper development of a functioning 

limb. This is accomplished through the coordinated action of molecular signals which 

have the ability to control the behavior of cells that receive these signals. Two signalling 

centres have long been recognized as playing pivotal roles in this patterning process; the 

apical ectodermal ridge (AER), a thin strip of ectodermal cells at the distal edge of the 

outgrowing limb bud, and the zone of polarizing activity (ZPA), a group of mesenchymal 

cells located at the posterior margin of the limb bud.  

2.3.1.1 AER function in limb outgrowth  

The AER is required for proper outgrowth of the early limb bud, and resulting 

proximo-distal (Pr-Di) pattern of the 3 limb skeletal elements; the stylopod (humerus or 

femur) zeugopod (radius/ulna or tibia/fibula) and the autopod (wrist or ankle and digits). 

The importance of the AER for Pr-Di outgrowth of the limb was verified by early studies 

wherein surgical removal of this structure resulted in severe limb truncations in chick 

embryos (Saunders, 1968). The AER is a source of fibroblast growth factors (Fgfs), Fgf4, 

Fgf8, Fgf9, and Fgf17, which are the critical signals that mediate Pr-Di outgrowth and 

patterning by signalling to the underlying mesenchyme. Although each of the AER-
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derived Fgfs have been found to play a component role in limb outgrowth, Fgf4 and Fgf8 

are the main factors required  (Mariani et al., 2008; Niswander et al., 1993). 

2.3.1.2 Shh and the ZPA 

The ZPA is the organizing centre that directs patterning along the anterior-

posterior (A-P) axis (thumb to pinky finger) (Figure 2). The importance of the ZPA in 

regulating A-P limb patterning were first determined from studies that involved grafting 

this region from the early limb bud onto the anterior margin of a recipient limb bud in 

chick embryos, which resulted in a mirror image duplication of the digit pattern 

(Saunders, 1968). This lead to the hypothesis that the ZPA produces a diffusible factor 

that specifies positional information along the A-P axis, leading to the characteristic 

pattern of digits (Tickle et al., 1975). A search for this A-P signalling morphogen 

implicated retinoic acid (RA) when implantation of an RA-soaked bead at the anterior 

margin was shown to mimic the ZPA graft experiment (Tickle et al., 1982). However, 

this effect was later shown to result from RA inducing anterior cells to become ZPA-like 

cells, rather than RA itself acting as the graded signal (Noji et al., 1991; Wanek et al., 

1991). The subsequent identification of mammalian Hh genes, and the specific 

expression of Shh in the ZPA, verified Shh as the endogenous diffusible factor produced 

by the ZPA that mediates digit patterning (Riddle et al., 1993). Moreover, treatment of 

the anterior limb bud with RA was found to induce the expression of Shh in those cells, 

explaining the RA treatment studies. 
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Figure 2. Patterning in the early limb bud. 

The apical ectodermal ridge (AER) mediates proximodistal outgrowth of the developing 

limb by signaling via Fgfs to the underlying mesenchyme, while the ZPA is a source of 

Shh which is required for anterior-posterior patterning. Expression of Fgf8 in the embryo 

(A) highlights the AER (arrows) at the distal edge of the limb bud. Expression of Shh is 

confined to the posterior margin of the limb buds (B-D). Ectopic Shh signalling from the 

anterior margin, by local application of Shh expressing cells through a graft of the ZPA, 

or by treatment with RA, results in a mirror image duplication of the digit pattern in the 

resulting limb skeleton (E). 
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Targeted disruption of the Shh gene in mice further confirmed its role in limb A-P 

patterning. Shh
-/-

 embryos developed limbs that lacked all A-P polarity (Chiang et al., 

1996). The limbs consisted of a single zeugopod element in both fore- and hindlimbs, and 

defective autopod development wherein forelimbs lacked all digits, and a single digit 

developed in the hindlimb (Chiang et al., 2001). These results showed not only that Shh 

controls the pattern of digits, but also that it contributes to their formation. Fate mapping 

studies confirmed that Shh-expressing cells and their descendants do not solely act as 

organizers, but that they actually contribute to posterior limb skeletal elements including 

digits 3, 4 and 5. These results showed that surprisingly, only digit 2 actually requires the 

long range signalling activity of Shh (since this digit is missing in Shh
-/-

 mutants, but fate 

mapping indicated that this digit does not contain former ZPA cells) (Harfe et al., 2004). 

Similarly, cells responding to positive Shh signalling make contributions to skin muscle 

and skeletal elements in the posterior limb (Ahn and Joyner, 2004). In addition, cells 

giving rise to more posterior digits are exposed to Shh for longer periods of time, 

indicating that both a temporal gradient of Shh exposure as well as the concentration 

gradient are required to determine proper digit identity (Ahn and Joyner, 2004; Harfe et 

al., 2004; Scherz et al., 2007).  

2.3.1.3 A feedback loop between the AER and ZPA 

The AER and ZPA are required for Pr-Di outgrowth and A-P patterning of the 

limb bud respectively. In addition, Fgf4 expressed in the posterior AER maintains 

expression of Shh in the ZPA, while Shh signals to the AER to maintain Fgf4 expression 
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(Laufer et al., 1994; Niswander et al., 1994). Thus a feedback loop between the AER and 

ZPA maintains both signalling centres and couples limb bud outgrowth to A-P patterning.   

The extent of outgrowth is also mediated by this AER-ZPA feedback loop 

through antagonism of BMP signalling; Shh expression induces expression of Gremlin, a 

BMP antagonist. BMP antagonism allows expression of Fgf4, since BMP signalling 

represses Fgf4 expression (Zuniga et al., 1999). As the limb bud grows, the descendants 

of ZPA cells leave the posterior limb bud. Since cells expressing Shh and their 

descendants cannot express Gremlin, the region of cells that does express Gremlin 

becomes progressively smaller due to increasing distance between these cells and Shh 

expressing cells. Thus, BMP signalling is no longer inhibited leading to repression of Fgf 

signalling, and breakdown of the ZPA-AER loop allowing the limb bud to stop growing 

(Scherz et al., 2004).   

2.3.1.4 Mutations affecting Shh expression alter digit pattern 

Given the importance of Shh in generating the correct A-P pattern in the 

developing limbs, not only is its expression required in the posterior margin, but its 

restriction to this area must also be maintained and tightly controlled, since 

misexpression in more anterior regions causes disruptions in digit pattern (discussed 

above). Such patterning defects provided the first clue regarding the possible connection 

between Tulp3 and Hh signalling (Chapter 4). There are various factors which have been 

shown to regulate and maintain this area of Shh expression. Alx-4, a homeodomain 

transcription factor related to aristaless from Drosophila is expressed in the anterior 
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mesenchyme of the limb bud, and its disruption leads to the formation of an ectopic 

anterior ZPA and preaxial polydactyly (extra digits formed in the anterior autopod). This 

ectopic Shh expression correlates with consequent ectopic expression of Shh target genes 

such as Hoxd13 and Fgf4 (Qu et al., 1997). More recently, members of the Ets family of 

transcription factors, Etv4 and Etv5 have been implicated in restricting Shh expression 

(Mao et al., 2009; Zhang et al., 2009). Expression of Etv4 and Etv5 is induced in distal 

limb bud mesenchyme by Fgf signalling, and loss of Etv4/Etv5 gene function results in an 

anterior expansion of Shh expression, and preaxial polydactyly. Thus, not only is AER 

Fgf signalling required to maintain expression of Shh during limb outgrowth, it acts 

through Etv genes to restrict Shh expression to the posterior margin. In both Alx4 and Etv 

mutant limbs, the polyadactyly is dependent upon ectopic expression of Shh, since loss of 

Shh in an Etv or Alx-4 mutant background results in a Shh null-like limb phenotype (te 

Welscher et al., 2002; Zhang et al., 2009). 

2.3.2 Shh is required for specification of neural cell fates in the developing neural 

tube 

The spinal cord contains a number of distinct populations of neurons organized 

according to their relative position along the dorsoventral (D-V) axis. Sensory neurons 

are found in the dorsal spinal cord, while motor neurons reside ventrally. Several classes 

of interneurons that form various neural circuits are also found throughout the D-V axis. 

These different subtypes of neurons each arise from a group of progenitor cells formed in 

the early developing neural tube in distinct locations. The pattern of progenitor cell 
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domains result from naïve neuroblasts being exposed to instructive signals from nearby 

tissues, summarized in Figure 3. Signals emanating from the roof plate located at the 

dorsal midline, including members of the BMP and Wnt families, are required to form the 

various populations of interneurons in the dorsal neural tube. Retinoic acid (RA) helps 

direct the establishment of progenitor populations at lateral positions in the neural tube 

(Pierani et al., 1999).  

The floor plate, located at the ventral midline of the neural tube, as well as motor 

neurons require the notochord, a transient mesoderm derived embryonic structure located 

just ventral to the floor plate, for their induction (Placzek et al., 1990). The floor plate 

itself then induces the formation of ventral neurons including motor neurons (Yamada et 

al., 1991). Grafting experiments in chick embryos showed that the notochord is able to 

produce signals which induce ectopic floor plate-like cells at lateral positions along the 

neural tube (van Straaten et al., 1988). Shh is specifically expressed at the ventral midline  

of the neural tube (in the notochord as well as the floor plate), and was shown to be able 

to induce the differentiation of floor plate and motor neurons in vitro and in vivo. This 

suggested that it was likely the factor from the floor plate controlling induction of ventral 

neural types (Echelard et al., 1993; Krauss et al., 1993; Roelink et al., 1994). This 

observation was later confirmed by loss of function studies where embryos lacking Shh 

showed severe midline defects including the formation of a single lobe of the brain, as 

well as cyclopia (Chiang et al., 1996). Moreover, Shh mutants lack formation of the floor 

plate, and the establishment of ventral neurons (V3, MN, V2, V1 and V0) is severely  
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Figure 3. Signals controlling patterning in the neural tube 

Shh is expressed at the ventral midline of the developing central nervous system (CNS) 

where it acts to organize the pattern of neurons that form in the ventral neural tube. 

WMISH analysis of Shh expression shows expression in the ventral neural tube (A) along 

the entire anterior-posterior axis of the embryo. ISH of Shh on a transverse section 

through the neural tube shows Shh expression confined to the floor plate (fp) and the 

underlying notochord (n). Several distinct populations of neurons form in defined 

positions along the D-V axis of the neural tube, which reside in the marginal zone (B, left 

side); V3 interneurons, motor neurons (MN), V2, V1, and V0 interneurons in the ventral 

neural tube, and dorsal interneurons dI1 to dI6 in the dorsal neural tube. Each population 

of cells arises from a distinct domain of progenitor (p) cells located in the ventricular 

zone of the neural tube (B, right side); pMN, and Vp3-Vp0 ventrally and Dp1-Dp6 

dorsally. Patterning in the neural tube depends on inductive cues from the local 

environment; Shh secreted from the notochord and floor plate (red), RA secreted from the 

somites (blue), and members of the BMP and Wnt families of signalling molecules 

secreted from the roof plate (green) located at the dorsal midline.   



 

25 

 

 

 

 

 

 

 



 

26 

 

compromised (Chiang et al., 1996; Litingtung and Chiang, 2000), confirming that Shh 

does indeed play an important organizing function within the developing spinal cord.  

2.3.2.1 Shh acts as a morphogen in the ventral neural tube 

The morphogen model was described by Lewis Wolpert in 1969 (Wolpert, 1969), 

as a model to explain how a field of cells in a developing tissue can acquire positional 

information, and thus differentiate properly according to the relative position in that 

tissue. He used the analogy of the French Flag to represent a field of cells that can have 3 

different “fates” – either red, white, or blue – according to its position. The model 

explains that such a pattern could be generated by the secretion and diffusion of an 

organizing factor at a discrete location within a tissue that generates a different cellular 

response at different concentration thresholds in cells across the tissue. Cells closest to 

the source for example, become blue, cells furthest from the source become red, and cells 

in between become white.  

Shh is able to act as a true morphogen in the ventral neural tube (and indeed the 

posterior limb) as it satisfies the requirements for how a morphogen must act; it affects 

cell fate at a distance from where it is produced (i.e. in a cell non-autonomous manner), 

and it induces differential responses in cells according to their position from the source 

(illustrated in Figure 4). Shh expressed in the floor plate diffuses dorsally and induces 

several neural subtypes: V3 interneurons at the high levels of Shh, followed by motor 

neurons (MN), and V2, V1, and V0 interneurons at progressively lower concentrations. 

When Shh is applied to neural explants, it is able to induce floor plate and motor neuron 
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Figure 4. Morphogen activity of Shh in the ventral neural tube. 

Graded signalling by Shh from the floor plate induces the expression of several 

transcription factors at different levels in the ventral neural (right) tube which give rise to 

a series of neural progenitor domains (A). Class II genes are induced ventrally by Shh 

(such as Nkx2.2, Nkx6.1, and Olig2), while Class I genes are repressed ventrally such as 

Pax3, Pax6, and Pax7. Cross repression of certain pairs of Class I and Class II genes 

which share a boundary of expression (such as Pax6 and Nkx2.2) stabilizes the 

boundaries between progenitor domains. Differentiated neurons can be identified by the 

expression of lineage restricted genes such as Sim1 (V3), and Hb9 (MN) (left). B: 

visualization of progenitor domain transcription factors Nkx2.2, Nkx6.1 and Pax7 at 

E10.5 by IHC. C: Expression of lineage restricted genes such as Even skipped homolog 1 

(Evx1), Engrailed 1 (En1) and Hb9 (also known as MNR2, motor neuron restricted 2) 

reveals populations of differentiating V0 and V1 interneurons, and MNs respectively. 
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markers at different concentrations; the concentration of Shh required to induce floor 

plate cells is 5-fold higher than that required to induce motor neurons (Ericson et al., 

1997; Marti et al., 1995; Roelink et al., 1995). In addition, different concentrations of Shh 

have been shown to induce the differentiation of specific types of ventral interneurons, 

with the required concentrations reflecting the relative D-V positions of neural 

progenitors in the neural tube (Ericson et al., 1997). That is, induction of MNs required 

higher concentrations than the induction of V2 and V1 progenitors. This study also 

showed that this graded signalling by Shh resulted in the expression of specific 

homeobox transcription factors (Pax7, Pax6, and Nkx2.2) at different levels in the neural 

tube. Pax6 and Pax7 were shown to be repressed ventrally by Shh, with the level required 

to repress Pax7 much lower than that required to repress Pax6, such that the ventral limit 

of Pax7 expression is dorsal to that of Pax6. Expression of Nkx2.2, which requires Shh, 

was also found to be restricted to ventral cells not expressing Pax6 (Ericson et al., 1997). 

This nested pattern of transcription factor expression is necessary for the proper pattern 

of neural subtypes in the ventral neural tube, as loss of Pax6 results in impaired 

specification of V2 and V1 interneurons, along with a dorsal expansion of Nkx2.2 

expression. Conversely, disrupted Nkx2.2 function caused a ventral-to-dorsal shift in cell 

fate, with cells that normally differentiate into V3 interneurons instead forming motor 

neurons (Briscoe et al., 1999). These results together implied that a gradient of Shh could 

induce the formation of distinct classes of neural cell types by differentially affecting the 

expression of a set of transcription factors in neural progenitor cells.  
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Expression in the chick neural tube of a mutant form of Ptc, which does not bind 

Hh but can still repress downstream signalling even in the presence of Hh, further 

showed that Shh does function a distance from its source to influence cell fate (Briscoe et 

al., 2001). Cells expressing the mutant Ptc in the ventral neural tube expressed markers of 

more dorsal cells such as Pax6 and Pax7 which are normally repressed by Shh. 

Interestingly, this mutant form of Ptc also caused a non cell-autonomous dorsal-to-ventral 

switch in cell fate in cells immediately dorsal to those expressing the mutant Ptc. That is, 

although Pax6 was inappropriately expressed in ventral cells expressing mutant Ptc, 

Nkx2.2 positive cells were detected just immediately dorsal to these cells. This indicated 

that a lack of Shh signalling in the ventral neural tube could also influence the range of 

Shh diffusion, by failing to upregualte Ptc, which would normally serve to sequester Shh 

protein (Briscoe et al., 2001). Recent findings have added to this idea by showing that 

Shh-induced expression of Ptc1 is a crucial component of the morphogenic mechanism of 

Shh patterning of the ventral neural tube (Dessaud et al., 2007). Explant cultures exposed 

to Shh for longer periods of time had a different cellular response than those exposed for 

shorter periods, and this corresponded to an increase in the duration of Gli activity. 

Additionally, cells receiving lower concentrations of Shh become desensitized, due to 

upregulation of Ptc, at a faster rate than cells exposed to higher concentrations. These 

results indicated that Ptc plays a critical role in determining the cellular response to 

prolonged exposure to Shh and the translation of an extracellular concentration gradient 

of Shh into different intracellular responses.  



 

31 

 

In the mouse spinal cord, two negative regulators of Shh signalling, which are 

also transcriptional targets of Shh, Ptc1 and Hhip1 (Hedgehog interacting protein 1), are 

important for proper ventral patterning by sequestering Shh and restricting its spread in 

the neural tube (Jeong and McMahon, 2005). Both Ptc1 and Hhip are cell surface proteins 

that bind to Hh ligands and inhibit downstream signalling. Shh therefore induces the 

expression of Shh pathway antagonists, a process termed ligand-dependent antagonism 

(LDA). Loss of this LDA activity in the mouse embryo causes an expansion of ventral 

cell identities at the expense of dorsal ones due to a greater range of Shh signalling 

(Jeong and McMahon, 2005). These results indicate that sequestration of extracellular 

Shh by Ptc and Hhip is critical to ensure proper shaping of the extracellular Shh gradient, 

and the resulting pattern of neural progenitors (Jeong and McMahon, 2005). 

2.3.3 Neural progenitors are specified by a transcription factor code induced by Shh 

Studies in the developing chick neural tube indicated that two classes of 

transcription factors could be defined based on whether their expression was repressed 

(Class I genes) or activated (Class II) by Shh (Briscoe et al., 2000). This study found that 

five distinct zones of progenitor cells were present in the ventral neural tube which each 

expressed a unique set of these transcription factors, and that this “code” predicted which 

type of postmitotic neuron would form (see Figure 4). For example, forced 

misexpression of Nkx2.2 in cells located more dorsally to the Vp3 domain could repress 

the expression of Pax6 and induce the formation of Sim1
+
 V3 interneurons (Briscoe et al., 

2000).  Importantly, these results illustrated that once the pattern of gene expression was 
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induced by graded Shh activity,  cross-repressive interactions between pairs of Class I 

and Class II transcription factors could maintain this pattern and establish sharp 

boundaries of progenitor domains ((Briscoe et al., 2000) and summarized in Figure 4). 

Similarly, targeted disruption of Nkx6.1, which is normally expressed ventrally spanning 

the Vp3, MN, and Vp2 domains results in a ventral-to-dorsal change in cell fate (Sander 

et al., 2000; Vallstedt et al., 2001).   

2.3.4 The role of Shh in birth defects and cancer 

Given the profound effects of Shh signalling in the developing embryo, it is not 

surprising that mutations affecting the activity of, or the cellular response to, Shh are 

involved in human birth defects. Holoprosencephaly (HPE), for example, is a birth defect 

affecting midline structures which can result from reduced Shh activity. HPE is 

characterized by varying degrees of midline facial dysmorphology, and impaired 

separation of the lobes of the forebrain (Schachter and Krauss, 2008). Shh null mutation 

in mice results in a phenotype consistent with severe HPE, and haploinsufficiency of Shh 

causes HPE in humans (Belloni et al., 1996; Roessler et al., 1996). Inappropriate 

activation of the Hh signalling pathway has also been shown to underlie basal cell 

carcinoma (BCC) (the most common cancer in North America), as well as 

medulloblastoma (a highly aggressive childhood brain tumour), along with many other 

cancers (Rubin and de Sauvage, 2006; Scales and de Sauvage, 2009). Thus, a thorough 

understanding of factors that contribute to the precise regulation of Hh signalling during 

development and in adult tissues is of great interest and importance to our understanding 
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of the emergence of human birth defects and cancer, and furthermore may contribute to 

the diagnosis and treatment of disease. 

2.4 Mammalian Hh signal transduction 

Several important factors involved in regulating the Hh pathway in mammals are 

illustrated in Figure 5.  Much of the knowledge of the roles of these factors has been 

gained through gene ablation studies in the mouse, as highlighted below. 

2.4.1 Ptc is a Hh receptor and inhibits downstream signalling 

 Mammalian Hh ligands, like in Drosophila, initiate signalling by binding to the 

transmembrane receptor Patched (Marigo et al., 1996; Stone et al., 1996). Mammals have 

2 Patched genes, Patched1 (Ptc1) being the major isoform involved in embryogenesis. As 

in Drosophila, murine Ptc1 acts as a repressor of downstream signalling in the absence of 

ligand. Embryos lacking Ptc1 die during development between E9 and 10.5, and have 

severe neural tube defects, such as a failure of neural tube closure and overgrowth of 

headfolds and spinal cord (Goodrich et al., 1997). Mouse Ptc1 is a target of Shh 

signalling, and loss of Ptc1 results in upregulation of a Ptc1-LacZ transgene in the 

embryo (Goodrich et al., 1996; Goodrich et al., 1997; Marigo and Tabin, 1996). Ptc1 

mutants also express ventral neural markers (Foxa2, Nkx2.2, Isl1) throughout the neural 

tube indicating a strong activation of Hh signalling (Goodrich et al., 1997; Svard et al., 

2006). Ptc1 null mutants can be partially rescued with a transgene allowing low level  

Ptc1 expression (Milenkovic et al., 1999). These embryos, which can develop for several  
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Figure 5. The mammalian Hh sinalling pathway 

In the absence of ligand (A), Ptc1 resides in the cilium and inhibits the ciliary localization 

of Smo. Full length Gli3 is efficiently processed to its repressor form in a cilium 

dependent manner, and represses expression of Hh target genes such as Gli1, Ptc1 and 

Hhip1. Upon ligand binding to Ptc1 (B), inhibition on Smo is released and it accumulates 

in the cilium. Processing of Gli3 is blocked, and Gli2 is fully activated to a transctiptional 

activator which induces expression of Hh target genes. Shapes coloured green represent 

positive regulators, and red shapes represent negative regulators of the pathway. Kif7 is 

required to suppress signalling but also for full pathway activation.  
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days longer than Ptc1-null embryos also develop polydactyly (Milenkovic et al., 1999). 

Complete inactivation of Ptc1 specifically in the limb results predominantly in forelimb 

oligodactyly (loss of digits) and polydactyly to a lesser extent, and hindlimb preaxial 

polydactyly (Butterfield et al., 2009). 

2.4.2 Smo is required for Hh signal transduction 

Smo is required for the cellular response to Hh in Drosophila, and this function is 

conserved in mouse. Smo null embryos die relatively early in development (E9-9.5) and 

lack the floor plate (Caspary et al., 2002; Zhang et al., 2001). Smo is epistatic to Ptc as in 

Drosophila, and Smo
-/-

 embryos are indistinguishable from Shh
-/-

Ihh
-/-

 compound mutants 

indicating that Smo is required for all Hh signalling (Zhang et al., 2001). Moreover, lack 

of Smo causes a cell-autonomous ventral-to-dorsal switch in neural progenitor cell 

identity in the ventral neural tube, as Smo null cells ectopically express markers of more 

dorsal positions (Wijgerde et al., 2002). This study also confirmed that Hh signalling is 

necessary for the specification of all ventral neural subtypes (V3, MN, V2, V1, and V0); 

although some V0 and V1 progenitors are present in Shh
-/-

 embryos they are not specified 

in the absence of Smo (Litingtung and Chiang, 2000; Wijgerde et al., 2002). 

2.4.3 Hh ligand production and secretion 

The Hedgehog precursor protein undergoes autocatalytic processing as well as 

lipid modification to form active signalling molecules before they are secreted. Shh 

autocatalysis mediated by the C-terminal domain results in the formation of the N-

terminal signalling peptide (ShhN). Before secretion, this ShhN signalling peptide is lipid 
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modified, by addition of a C-terminal cholesterol group and an N-terminal palmitoyl 

group mediated by the acyltransferase Skinny hedgehog (Skn). Lipid modified Shh 

signalling peptide (ShhNp) forms a multimeric complex that is secreted and mediates the 

long range signalling activity of Shh (Zeng et al., 2001). Skn
-/-

 mutant embryos, or 

embryos expressing a mutant form of Shh that cannot be palmitoylated (Shh
C25S

) develop 

defects characteristic of impaired Hh signalling, indicating that this modification is 

required for proper Shh action (Chen et al., 2004a). Secretion of ShhNp also depends on 

the activity of the transmembrane protein Dispatched1 (Disp1) in Shh-expressing cells. 

Mutation of the mouse Disp1 gene results in embryonic lethality and embryos fail to 

express Shh target genes. Moreover, Disp1 mutants fail to specify the floor plate and 

develop a phenotype indistinguishable to that of Smo-null embryos, indicating that Disp1 

function is required for Hh signalling. Moreover, the lack of Hh signalling in these 

embryos has been shown to be due to a failure to distribute Hh proteins from the source 

of production (Caspary et al., 2002; Kawakami et al., 2002; Ma et al., 2002). 

2.4.4 Cdo, Boc, and Gas1 are cell surface proteins that promote Hh signalling 

The Ihog (interference hedgehog) family of genes encodes immunoglobulin (Ig) 

superfamily cell surface transmembrane proteins that also contain at least two 

extracellular fibronectin type III domains (Yao et al., 2006). These proteins, Ihog and Boi 

(brother of Ihog) in Drospohila and mammalian homologs Cdo (also known as Cdon) 

and Boc, participate in Hh ligand binding and promote downstream signalling (Tenzen et 

al., 2006; Yao et al., 2006; Zhang et al., 2006). Boc and Cdo are both expressed in the 
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developing neural tube, but Boc expression is restricted dorsally, while Cdo expression is 

detected dorsally as well as ventrally in the floor plate and notochord (Tenzen et al., 

2006). Loss of function of Cdo in mice results in mild midline defects characteristic of 

impaired Shh signalling, and this phenotype is greatly enhanced upon further loss of one 

allele of Shh (Tenzen et al., 2006; Zhang et al., 2006). Moreover, Cdo and Ihog both bind 

Hh synergistically with Ptc, and positively regulate Hh signalling in a ligand-dependent 

manner (Tenzen et al., 2006; Yao et al., 2006; Zhang et al., 2006). This indicates that 

members of the Ihog/Cdo family function in the Hh pathway by facilitating cellular 

binding of Hh ligands.  

Interestingly, inactivation of Boc in mice revealed a role in the axon guidance of 

dorsally-derived commissural neurons (Okada et al., 2006). In addition to its 

morphogenic role in pattern formation in the neural tube, Shh also acts as a midline 

chemoattractant for commissural neurons which originate in the dorsal spinal cord and 

project axons ventrally towards the floor plate where they cross the midline of the spinal 

cord, forming the ventral commissure (Charron et al., 2003). Boc
-/-

 embryos show a 

specific defect in the directed migration of these axons, similar to conditional deletion of 

Smo in dorsal neurons (Charron et al., 2003; Okada et al., 2006). Furthermore, this 

function of Shh has been shown to act independently of transcriptional modulation, but 

relies on a faster cytoskeletal remodeling pathway that requires Src family kinases in the 

growth cones of migrating axons (Yam et al., 2009). 
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Gas1 (growth arrest specific gene 1) is another membrane protein that has been 

shown to be able to positively regulate Shh signalling. Loss of Gas1 results in mild 

midline defects, and enhanced sensitivity to Shh gene dosage (Allen et al., 2007; 

Martinelli and Fan, 2007). Gas1
-/-

/Shh
+/-

 embryos develop more severe midline defects 

than Gas1
-/-

 mutants, including failure of floor plate specification. Moreover, Gas1 and 

Cdo were shown to interact genetically, as Gasl/Cdo compound mutants have much more 

severe midline defects than Gas1 or Cdo mutants alone, indicating that Gas1 and Cdo 

cooperate in promoting Shh signalling in the embryo (Allen et al., 2007). Gas1 also 

promotes long range Shh signalling in the limb bud, since Gas1
-/-

 embryos have mild 

defects in digit development, including reduced autopod size, fusion of digits 1 and 2 in 

the hindlimb, and exhibit hypodactyly, albeit rarely. Gas1
-/-

Shh
+/-

  embryos lack digit 2, 

which requires long range Shh activity (Martinelli and Fan, 2007).  

Interestingly, these cell surface proteins Cdo, Boc and Gas1, that function 

cooperatively in cellular binding of Shh and promote downstream signalling are all 

transcriptionally downregulated by Shh signalling (Allen et al., 2007; Tenzen et al., 

2006). Thus, the downregulation of positive regulators of Hh signalling, and the 

upregulation of negative regulators (Ptc1 and Hhip1) likely functions to maintain a finely 

controlled gradient of Shh protein to allow proper specification of neurons and digits in 

the Shh target field (Allen et al., 2007). 
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2.4.5 The Gli transcription factors are effectors of Hh signal transduction 

Mammals have 3 homologs of the Ci transcription factor in Drosophila named 

Gli1, 2, and 3. All Gli genes are expressed in the developing neural tube, although in 

different domains. Gli1 and Gli2 are expressed ventrally, while Gli3 expression is 

restricted to the dorsal neural tube. Loss of function studies of each of these transcription 

factors alone and in combination has revealed specific roles for each in transducing the 

Hh signal during development.  

2.4.5.1 Gli2 is a transcriptional activator and is required for the highest level of Shh signalling 

Loss of Gli2 results in midline defects of the central nervous system. Gli2
-/-

 

embryos fail to specify the floor plate, despite normal expression of Shh in the notochord 

(Ding et al., 1998; Matise et al., 1998). In Gli2 null embryos, V3 interneuron progenitors 

(Nkx2.2
+
) were present in a reduced domain located at the ventral midline, whereas MNs 

and V2 interneurons, which require lower concentrations of Shh than the floor plate, are 

specified and are detected in a larger domain spanning the ventral midline, where they are 

normally not present. This indicates that the highest level of Shh signalling, which is 

required to induce the floor plate, requires Gli2 function.  

2.4.5.2 Gli1 is a Hh-induced transcriptional activator 

Gli1-null embryos develop normally and specify all ventral neural types including 

the floor plate. Mutants which were compound-null for Gli1 and Gli2 resembled Gli2 

mutants, with MNs present in an expanded domain encompassing the most ventral 

regions (Matise et al., 1998). Thus, neither Gli1 nor Gli2 is required to develop the 
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majority of ventral neural types in the developing neural tube. However, Gli1-null mice 

are sensitive to Gli2 gene dosage. Gli1
-/-

Gli2
+/-

 mice die at birth, and show impaired 

ventral midline development (Park et al., 2000). Both MNs and V3 interneurons are 

reduced and present closer to the ventral midline in these mutants indicating a reduction 

in Shh signal transduction in the neural tube. Neither Gli1 nor Gli2 seem to play an 

important role in limb development, as Gli1/Gli2 compound mutant limbs develop 5 

digits, but with an additional postaxial (posterior). Expression of a lacZ reporter from the 

endogenous Gli1 locus revealed that expression of Gli1 requires Hh signalling, as no 

expression is detected in the neural tube or limbs of Shh
-/-

 mice, although expression is 

detected in the gut where Ihh is present (Bai et al., 2002). Gli1 does however function as 

a transcriptional activator of Hh target genes since Gli1 expressed from the endogenous 

Gli2 locus (which disrupts Gli2) rescued formation of the floor plate and V3 interneurons 

(Bai et al., 2002). 

2.4.5.3 Gli3 plays a critical role in limb patterning 

Although loss of Gli1 or Gli2 has no effect on limb development, Gli3 plays a 

critical role in controlling the number of digits that form. Mutants lacking a functional 

Gli3 gene, such as the extra-toes mutant (Gli3
Xt/Xt

) exhibit severe craniofacial defects and 

polydactyly (Hui and Joyner, 1993). Gli3 is expressed in the anterior portion of the early 

limb bud, complementary to and non-overlapping with the Shh expression domain in the 

posterior limb bud. Similarly to Ci, Gli3 is proteolytically processed to form a 

transcriptional repressor, and this processing is antagonized by Shh signalling (Wang et 
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al., 2000). Processing of Gli3 to its repressor form requires phosphorylation by PKA at 

several sites, and subsequent polyubiquitination and processing by the proteasome (Wang 

and Li, 2006). In the absence of Shh, the full-length activator form of Gli3 (Gli3A, or 

Gli3-190) is truncated at the C-terminus to the repressor form (Gli3R, or Gli3-83). This 

repressor form is highly abundant in anterior region of the early limb bud (Wang et al., 

2000), suggesting that the function of Gli3 in limb development may be primarily as a 

negative regulator of Shh signalling.  

Although Shh and Gli3 are clearly required for proper A-P patterning of the limb 

skeletal elements, they are dispensable for the formation of skeletal elements. Embryos 

lacking both Shh and Gli3 genes develop completely formed limbs; that is, the stylopod 

zeugopod and autopod elements are all present (Litingtung et al., 2002; te Welscher et al., 

2002). However these embryos are polydactylous, resembling Gli3 mutants (Litingtung et 

al., 2002; te Welscher et al., 2002). Moreover, loss of a single allele of Gli3 in the 

absence of Shh (Gli3
+/-

Shh
-/-

) resulted in an intermediate phenotype consisting of 2 

distinguishable zeugopod elements, and 3 to 4 digits. This result revealed that 

polydactyly in the absence of Gli3 is independent of Shh itself, unlike in other mutants 

which develop polydactyly such as Alx4
-/-

 mice (Qu et al., 1997). Furthermore, these data 

showed that the function of Shh in the limb is limited to the regulation of Gli3 activity, 

and that the pattern of digits is critically dependent upon the relative amounts of the 

activator form of Gli3 (Gli3A) and repressor form (Gli3R), which act to limit the number 

of digits formed. Thus in the absence of Shh, Gli3 exists primarily in the Gli3R form and 



 

43 

 

it is predicted that this would suppresses the formation of digits, while in the absence of 

Gli3, this suppression is lifted and multiple digits form without restriction. The precise 

roles of Shh and Gli3 in the control of digit pattern however seem to be more complicated 

than this, and are still not entirely understood. For example, mice harbouring a truncated 

Gli3 allele which produces only the repressor form of Gli3 (Gli3
Δ699/Δ699

) throughout the 

limb bud does not produce a phenotype resembling the Shh
-/-

 mutant, and instead these 

mice develop 5 or 6 digits in the forelimbs and 5 hindlimb digits (Wang et al., 2007). 

Also, although uniform expression of a modified allele of Gli3 which lacks the PKA 

phosphorylation sites required for processing (Gli3
P1-4/P1-4

) results in polydactyly, it does 

not phenocopy the Gli3
-/-

 mutant, but instead results in a more severe phenotype; digits 

lacked nodes of ossification that were present in Gli3-null embryos, and several digits 

were bifurcated at the distal end (Wang et al., 2007). Moreover, the presence of one 

Gli3
P1-4

 allele in a Shh
-/-

 background is able to rescue much of the skeletal defects, to a 

greater degree than in Gli3
+/-

Shh
-/-

 embryos (Wang et al., 2007). These observations 

suggest that the Gli3 mutant phenotype does not solely result from loss of Gli3R, and that 

the activator form of Gli3 can also play a role in limb patterning (Wang et al., 2007).  

2.4.5.4 Gli3 acts as both a transcriptional activator and repressor in the neural tube 

Gli3 also plays a repressive role in neural tube patterning through the repression 

of ventral neural markers at lateral positions in the neural tube. Gli3 mutants show a 

dorsal expansion of markers of V2, V1, V0, and dI6 progenitor domains at the expense of 

more dorsal progenitors. Resulting V2, V1, V0 and dI6 interneuron populations were also 
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present in larger domains while dI5, and dI4 populations were reduced (Persson et al., 

2002). Moreover, embryos expressing only a truncated form of Gli3 that lacks the 

activation function showed normal patterning of the neural tube suggesting that, in this 

context Gli3 functions primarily as a transcriptional repressor (Persson et al., 2002). 

Consistent with this, loss of Gli3 restores the specification of MNs and ventral 

interneurons with the exception of V3, or the floor plate lost in the absence of Shh 

(Litingtung and Chiang, 2000; Persson et al., 2002). Similarly, loss of Gli3 in Smo mutant 

background, which lacks all Hh signalling, can also restore formation of V0, V1, V2, and 

MN progenitors, although they do not form in their correct spatial pattern (Wijgerde et 

al., 2002). Despite the observation that the specification of MNs and V3 interneurons is 

for the most part unaffected in the absence of Gli2 or Gli3 alone, forced expression of a 

constitutive repressor (Gli3R) throughout the chick neural tube resulted in ectopic 

expression of dorsal genes in ventral cells (Persson et al., 2002), suggesting that all 

ventral cell types require Gli-mediated transcription, and that Gli2 and Gli3 have partially 

overlapping functions.  

In addition to the repressive function of Gli3 in the neural tube, examination of 

the expression of a Hh-dependent reporter (Gli1-LacZ) in Gli mutants further showed that 

Gli3 does in fact make a positive contribution to Shh signalling, and does not function 

solely as a transcriptional repressor (Bai et al., 2004). Expression of Gli3 driven from the 

endogenous Gli2 locus partially rescued the formation of the floor plate in the absence of 

Gli2, indicating that Gli3 can function as a transcriptional activator (Bai et al., 2004). 
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Examination of mutants lacking all Gli function, (Gli2/Gli3 compound mutants which 

express no detectable levels of Gli1) indicated that MNs and V2-V0 interneurons can be 

specified but their organized pattern is disrupted. In the absence of Ptc, the neural tube is 

completely ventralized, with markers of floor plate V3 interneurons, and MNs expressed 

in lateral and dorsal cells, and this phenotype can be partially rescued by loss of Gli2 (Bai 

et al., 2002; Motoyama et al., 2003). This rescue however is limited to the caudal neural 

tube, and further disruption of Gli3 (Ptc1
-/-

Gli2
-/-

Gli3
-/-

) extends this partial rescue 

throughout the neural tube, indicating that Gli2 and Gli3 also make different 

contributions to Hh signal transduction along the A-P body axis (Motoyama et al., 2003). 

2.4.5.5 Regulation of Gli2 activity by Shh 

In Drosophila, Ci activity is regulated by a protein complex involving several 

kinases, and phosphorylation of Ci influences its processing to the repressor form and its 

proteosomal degradation (reviewed in (Jiang and Hui, 2008)). This requires recognition 

of the phosphorylated form of Ci by the Skp-Cullin-F-box (SCF) E3 ubiquitin ligase 

complex protein Slimb, which targets it for degradation by the proteasome (Jiang and 

Struhl, 1998). The dual function of Ci in transcriptional activation and repression is 

carried out by Gli2 and Gli3 in mammals, with Gli2 acting as a transcriptional activator 

and Gli3 primarily as a repressor. Like Ci, processing of Gli3 is dependent upon 

phosphroylation by PKA (Wang et al., 2000), and although Gli2 does not play a major 

repressive role, its activity is also regulated by phosphorylation (Pan et al., 2006). 

Although a small amount of proteolytically processed Gli2 is detectable in the embryo, 
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this processing is very inefficient compared to that of Gli3, and rather Gli2 

phosphorylation influences its stability (Pan et al., 2006). In the absence of Shh, Gli2 is 

phosphorylated at six sites in its C-terminal region by PKA and quickly degraded in a 

βTrCP (the vertebrate homolog of Slimb) and proteasome-dependent manner (Pan et al., 

2006). This PKA-dependent change in stability of Gli2 is relevant in vivo, as transgenic 

embryos homozygous for a modified Gli2 allele (Gli2
P1-4/P1-4

) with the first 4 PKA sites 

mutated, are embryonic lethal (Pan et al., 2009). Moreover, these embryos display defects 

characteristic of increased Hh signalling such as exencephaly, polydactyly, and altered 

neural tube patterning (Pan et al., 2009). Furthermore, embryos deficient in PKA function 

die during gestation and develop severe neural tube defects along with a ventralized 

spinal cord (Huang et al., 2002). Thus, Shh signalling influences gene expression by 

antagonizing the formation of Gli3R, as well as protecting the Gli2 activator from 

proteasomal degradation. 

2.4.6 Fused and Suppressor of Fused 

Signalling downstream of Smo in Drosophila involves several components which 

are involved in translating an extracellular ligand to a change in Ci-mediated 

transcription. One of these is the serine-threonine kinase Fused (Fu) (Preat et al., 1990). 

Loss of Fu results in defective Hh signalling, and this phenotype can be repressed by 

mutation in Suppressor of fused (Sufu) (Preat, 1992). Mutation in Sufu alone leads to only 

mild effects on Hh signalling in flies (Ohlmeyer and Kalderon, 1998; Preat, 1992). 

Mouse Sufu, however, acts as a strong negative regulator of the Hh pathway 
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independently of Smo. Sufu
-/-

 embryos die by E9.5 and show a strong activation of the Hh 

signalling phenotype in the neural tube, similar to that seen following loss of Ptc1 (Svard 

et al., 2006). The Fused gene has also been knocked out in mice, but it does not result in 

a Hh-related phenotype (Chen et al., 2005). These results indicate a divergence in the 

functions of Fu and Sufu in the regulation of Hh signalling from flies to mammals. 

2.4.7 Costal2/Kif7 

Costal 2 (Cos2) is a kinesin related protein that binds cytoplasmic Ci and 

microtubules, and inhibits Hh signalling in Drosophila (Robbins et al., 1997; Sisson et al., 

1997). Cos2 regulates the phosphorylation of Ci, and thus its proteolytic processing, by 

physically interacting with PKA, CKI, and GSK3. This association is inhibited by Hh 

signalling, since activated Smo binds GSK3 and CKI via its C-terminal tail (Zhang et al., 

2005). These results indicated that Cos2 could function as a scaffold to bring together Ci 

and several kinases in order to regulate its activity.  

Two Cos2 homologs have been identified in mouse, Kif27 and Kif7 (Varjosalo et 

al., 2006). Recently, Kif7 has been shown to play an important role in regulating Gli 

activity. As for Drosophila Cos2, mouse Kif7 is able to interact with Gli proteins, and 

Kif7 loss of function by targeted disruption or inactivating point mutation causes 

activation of  the pathway (Cheung et al., 2009; Endoh-Yamagami et al., 2009; Liem et 

al., 2009). Kif7 mutants develop polydactyly and show an expanded domain of ventral 

neural progenitors in the spinal cord. MN and some V3 progenitors were also specified in 

Smo/Kif7 compound mutants indicating that Kif7 functions as a pathway repressor 
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downstream of Smo (Cheung et al., 2009; Liem et al., 2009). Moreover, Kif7 is also 

required for full activation of the pathway, since Kif7/Ptc1 double mutants showed a 

milder ventralization of the neural tube than is observed in Ptc1 mutants (Liem et al., 

2009). In addition, Kif7 mutants are sensitive to Gli2 gene dosage, as loss of one allele of 

Gli2 results in defective floor plate formation (Cheung et al., 2009). Consistent with these 

observations, embryos lacking Kif7 show decreased levels of Gli3R, while the levels of 

Gli2 increase compared to wild type (Cheung et al., 2009; Endoh-Yamagami et al., 2009; 

Liem et al., 2009). 

2.5 Novel regulators of mammalian Hh signalling 

Gene ablation studies have clearly demonstrated that many core components of 

the Hh pathway which are conserved from Drosophila, such as Shh, Ptc, Smo, Kif7, 

SuFu, and Gli, are crucial regulatory factors required for proper development. 

Additionally, forward genetic approaches in mice have uncovered novel and unexpected 

vertebrate specific regulatory factors, such as proteins involved in vesicle transport, and 

intraflagellar transport (IFT).  

2.5.1 Hh signalling and vesicle transport 

 Rab23, a member of the Rab family of Ras-like small GTPases whose members 

are involved in vesicle transport, was identified as the gene mutated in the mouse open 

brain (opb
2
) mutant (Eggenschwiler et al., 2001). The opb

2
 mutation was identified in a 

screen of ethylnitrosurea (ENU)-induced recessive mutations that affect the morphology 

of  midgestation embryos, and these embryos develop polydactyly as well as cranial and 
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caudal neural tube defects (Kasarskis et al., 1998). Analysis of opb
2
 embryos indicated 

that loss of Rab23 function causes an increase in ventral neural cell fates at the expense 

of more dorsal ones, and that it is required for proper D-V patterning of the neural tube in 

a Shh-independent manner (Eggenschwiler and Anderson, 2000; Eggenschwiler et al., 

2001).  Although the precise function of Rab23 in the Hh pathway remains unclear, these 

results importantly revealed that, in addition to conserved pathway components, the 

regulation of Hh signalling in mammalian embryos is critically dependent upon other 

processes such as vesicle transport.  

2.5.2 Mammalian Hh signalling requires intraflagellar transport and primary cilia 

IFT is a process essential for the formation and maintenance of cilia and flagella 

in eukaryotic cells, and was first described in the algal species Chlamydomonas 

reinhardtii (Rosenbaum and Witman, 2002). Cilia and flagella are microtubule based, 

membrane-bound cellular projections that have well-studied roles in cell motility and in 

neurosensory function. Motile cilia are present on the embryonic node, an early 

embryonic structure that is required for directing early asymmetry along the left-right (L-

R) axis during development. Additionally, primary non-motile cilia are found on most 

cell types in vertebrates and have recently been recognized as playing important roles in 

signal transduction during development as well as in the biology of some human 

conditions (Eggenschwiler and Anderson, 2007; Fliegauf et al., 2007; Gerdes et al., 

2009).  
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IFT involves the trafficking of IFT particles containing cilia components along 

the ciliary axoneme, from the cell body to the cilia tip, and from the tip back to the cell 

body. This process is dependent upon the anterograde microtubule motor kinesin II, 

which associates with IFT complex B proteins, and the cytoplasmic dynein retrograde 

motor which associates with IFT complex A proteins (Gerdes et al., 2009). Since protein 

synthesis does not take place within the cilium, these IFT complexes are essential for the 

movement of ciliary components, as well as proteins involved in signal transduction into 

and out of the cilium (Gerdes et al., 2009). 

An ENU screen of induced mutations that cause early defects in embryonic 

morphogenesis in mice further found that the complex B intraflagellar transport proteins 

IFT88 and IFT172 were essential for the cellular response to Shh in the neural tube 

(Huangfu et al., 2003). Embryos with mutations in either Ift88 (Polaris) or Ift172 died 

during gestation and displayed randomization of the L-R axis due to a complete lack of 

nodal cilia. Furthermore, these mutants failed to specify ventral neural subtypes in the 

spinal cord that require Shh signalling. Mutants showed little or no expression of Ptc1, 

indicating that the pathway was inactive or severely reduced in these mutants. 

Subsequent studies found that inactivating mutations in other complex B IFT proteins 

such as IFT52, and IFT57, the kinesin anterograde motor subunit Kif3a, and cytoplasmic 

dynein retrograde motor subunit Dnchc2, also have similar defects in Hh signalling 

(Cortellino et al., 2009; Houde et al., 2006; Huangfu and Anderson, 2005; Liu et al., 

2005; May et al., 2005). Genetic epistasis analyses indicated that cilia are required for the 
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Hh response downstream of Ptc, Smo, and Rab23, and upstream of the Gli proteins; 

Ptc1/Ift88, and Ift88/Rab23 compound mutants both fail to specify ventral neural 

subtypes that require Hh signalling (Huangfu et al., 2003). Strikingly, and perhaps 

paradoxically, the limbs of IFT mutant embryos are polydactylous, indicating that not 

only are cilia required for the response to Shh in the neural tube, but that they appear to 

restrain Shh signalling in the developing limbs. This finding reflects the fact that cilia are 

required for efficient activator function of Gli2, but also for efficient processing of Gli3 

into its repressor form (Huangfu and Anderson, 2005; Liu et al., 2005; May et al., 2005). 

Indeed, mutants defective in IFT show reduced levels of the processed form of Gli3, 

which is the major Gli responsible for limb patterning (Huangfu and Anderson, 2005; Liu 

et al., 2005; May et al., 2005).  Although the IFT proteins and motor proteins that are 

involved in cilia formation are clearly required for the proper regulation of the Hh 

pathway, it remains to be determined whether other cellular functions of these proteins 

not directly related to cilia formation contribute to this phenomenon. 

In addition to the requirement for IFT and motor proteins for the response to Hh 

ligands, mutations affecting the structure of the cilium itself results in defective Hh 

signalling. Arl13b is a small Arf/Arl family GTPase which localizes to cilia in the 

embryonic node and ventral neural tube, as well as in cultured cells (Caspary et al., 

2007). Loss of Arl13b function leads to the formation of shortened cilia due to abnormal 

axoneme structure, and impaired patterning of ventral neural subtypes.  In these mutants, 

the pMN domain, which is induced by moderate levels of Shh, is expanded at the expense 
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of more dorsal and more ventral progenitors. This implied that there was no graded 

response to Shh in the neural tube in these embryos, but rather that all ventral cells 

behaved as if exposed to a constant level of Shh (Caspary et al., 2007). Moreover, the 

broad-minded mutant which carries a mutation in the gene encoding the Tre-2, Bub2, 

Cdc16 (TBC) domain containing protein C6orf170, results in disrupted association of the 

ciliary membrane and the axoneme (Ko et al., 2010). This causes abnormal cilia 

morphology and blocks the response to high level Shh signalling in the neural tube. 

Mutation of the Rfx4 gene, which encodes a transcriptional regulator required for proper 

expression of Ift172 also results in abnormally shaped cilia and impaired response to high 

level Shh signalling (Ashique et al., 2009). Finally, C2cd3 a protein that associates with 

the basal body but is not a motor protein or part of the IFT complex, is required for 

ciliogenesis and results in a phenotype resembling the IFT mutants (Hoover et al., 2008). 

Together these results indicate that the requirement for IFT and motor proteins in Hh 

signal transduction is not due to a cilium-independent intracellular trafficking function, 

but that the cilium itself functions as a specialized organelle required for the proper 

cellular response to Hh ligands, and resultant tissue patterning. 

Interestingly, it appears that the function of cilia in the Hh pathway may not be 

the same in all vertebrates. Despite the critical importance of IFT in the regulation of Hh 

signalling in mice, it was reported that zebrafish deficient in ift57, ift88, or ift172 genes 

do not display any effects characteristic of impaired signalling (Lunt et al., 2009). 

However, another study found that disruption of cilia formation in zebrafish caused a loss 
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of response to high level Hh signalling but expanded response low level signalling 

(Huang and Schier, 2009). In either case, it appears that the cilium does not play the same 

role in transducing Hh signals in mice and zebrafish. Furthermore, although IFT proteins 

exist in Drosophila, they do not play a critical role in Hh signal transduction. Mutations 

in Drosophila ift88, ift172, and kif3a do not result in defects associated with Hh 

signalling, and are viable and fertile (Avidor-Reiss et al., 2004; Han et al., 2003; Ray et 

al., 1999), raising the possibility that zebrafish represents an evolutionary intermediate in 

the coupling of the Hh pathway to the cilium. 

2.5.3 Hh pathway components function at the cilium 

Consistent with the requirement for primary cilia in regulating the Hh pathway, 

several components have been shown to associate with this organelle. Mouse Smo was 

found to localize to the cilium in vivo, and this association is regulated by Shh (Corbit et 

al., 2005). Additionally, an activating mutation in Smo caused constitutive ciliary 

localization of Smo (Corbit et al., 2005). NIH 3T3 mouse fibroblasts are highly 

responsive to Hh in culture and are also widely used as a tool to study the Hh pathway in 

vitro. In resting NIH 3T3 cells, Ptc1 was found to localize to the cilium, and inhibited the 

accumulation of Smo in the cilium (Rohatgi et al., 2007). Shh binding to Ptc1 caused 

Ptc1 to leave the cilium, and allowed Smo accumulation. Moreover, primary murine 

embryonic fibroblasts (PMEFs) derived from Ptc1
-/-

 embryos exhibited constitutive Smo 

localization to the cilium. Together these studies indicate that Hh signal reception takes 

place at the cilium, and pathway activation causes Smo to move to the cilium. The 
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precise mechanism of Smo activation and how this triggers downstream signalling is still 

unclear and remains the focus of much active research. What is clear, however, is that 

ciliary localization of Smo is not sufficient to activate signalling, but that a distinct 

secondary step within the cilium is required for Smo activation (Milenkovic et al., 2009; 

Ocbina and Anderson, 2008; Rohatgi et al., 2009). 

Transfected full length Gli2 and full length and processed Gli3, as well as 

endogenous Gli3 and Sufu were also found to localize to the tip of the cilium in cultured 

cells (Haycraft et al., 2005). Moreover, forced expression of Gli2 in cells lacking IFT88 

(Polaris) was unable to induce expression of Hh target genes, suggesting that Gli2 

function requires the cilium (Haycraft et al., 2005). Similarly, transient overexpression of 

Gli3 was unable to repress the expression of Hh target genes when co-transfected with 

Gli1 (Haycraft et al., 2005). Since mutants defective in IFT display reduced levels of the 

repressor form of Gli3, this suggests that efficient Gli3 processing takes place at and 

requires the cilium. Recent findings have also indicated that Gli2 requires an activation 

step that likely takes place at the tip of the cilium and that is dependent upon activated 

Smo, before it accumulates in the nucleus where it can induce gene transcription (Kim et 

al., 2009).  

Kif7 also requires the cilium for its function since kif7/ift172 compound mutant 

embryos have a defective response to high level Shh signalling in the neural tube (Liem 

et al., 2009). Moreover, Kif7 has been observed to traffic from the base of the cilium to 

the tip upon Hh pathway stimulation, and Kif7 is also required for Gli3 localization to the 
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cilia tip (Endoh-Yamagami et al., 2009; Liem et al., 2009). Conversely, although mouse 

Sufu localizes to the cilium (Chen et al., 2009; Haycraft et al., 2005) its function does not 

require the cilium (Chen et al., 2009; Jia et al., 2009). Disruption of cilia formation in the 

absence of Sufu did not block the strong induction of Gli1, Ptc1 or the ventralization of 

the neural tube in embryos (Chen et al., 2009; Jia et al., 2009). Unlike other regulatory 

factors described above, loss of Sufu results in an overall decrease in Gli protein levels, 

and this is independent of the presence of the cilium (Chen et al., 2009; Jia et al., 2009). 

This effect is proposed to be the result of a conserved function for Sufu in antagonizing 

the degradation of Gli proteins. In support of this, expression of zebrafish or Drosophila 

Sufu rescued Gli protein levels in Sufu
-/-

 PMEFs (Chen et al., 2009). These results show 

that although the primary cilium has emerged during evolution as a critical regulator of 

the Hh signalling pathway, some important cilium-independent regulatory steps remain.  

2.6 Tulp3 and Hedgehog signaling 

This thesis presents evidence that Tulp3 plays a critical role in regulating the 

cellular response to Shh during embryonic development. The spectrum of defects 

observed in Tulp3 mutant embryos is consistent with those observed upon excess Shh 

signalling during early development. Moreover, analysis of the expression of Shh 

regulated genes indicates that the pathway is overactive in the absence of Tulp3 function. 

Genetic analysis revealed that Tulp3 functions to regulate signalling by repressing 

pathway activation in the absence of ligand, and loss of Tulp3 leads to Shh independent 

signalling. Tulp3 protein is also shown to localize to the primary cilium in cultured cells, 
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suggesting that the function of Tulp3 may involve this organelle. The implications of 

these findings in the context of Hh pathway regulation, and of Tubby protein function 

with respect to cilia are discussed in Chapter 5. 
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Chapter 3 

Methods 
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3.1 Mice 

Tulp3
tm1Jng

 and Shh
tm2Amc

 mouse strains were obtained from The Jackson Laboratory (Bar 

Harbour, ME, USA).  Genotyping of wild type and targeted Tulp3 and Shh alleles was 

performed by PCR as described (Ikeda et al., 2001; Lewis et al., 2004).  

3.2 Embryo collection 

Tulp3
+/-

, Shh
+/-

, or Tulp3
+/-

Shh
+/-

 animals were mated overnight and females were 

examined the next morning for the presence of a vaginal plug; noon on the day that a 

plug was found was considered to be embryonic day 0.5. At the appropriate embryonic 

stage, pregnant females were sacrificed by cervical dislocation, and embryos were 

dissected in sterile phosphate buffered saline (PBS). Genotyping of individual embryos 

was performed by PCR from yolk sac DNA as described (Truett et al., 2000). Embryos 

were photographed under a dissecting microscope (Leica MZ 9.5, Leica Microsystems 

(Canada) Inc., Richmond Hill, ON, Canada) using a digital camera (SPOT-RT, 

Diagnostic Instruments, Sterling Heights, MI, USA) and processed for whole mount in 

situ hybridization (WMISH) or cryosectioning. 

3.3 Whole mount in situ hybridization 

In situ hybridization on whole embryos or sections was performed as described 

(Chotteau-Lelievre et al., 2006). Plasmids to generate antisense probes were kindly 

provided by Drs A. McMahon (Shh), A. Joyner (Gli3), B. Hogan (Foxa2), M. Scott 

(Ptc1), M. Wassef (Wnt1), D Srivastava (Pax1, Pax9), P. Gruss (Pax3), G. Martin (Fgf8) 

and P. Dolle (Hoxd13, Uncx4.1). For each marker, at least 2 embryos of each genotype 



 

59 

 

were used, and representative samples are shown. For analysis of Tulp3 expression, a 

1000bp fragment of the Tulp3 cDNA sequence, from SacII to SmaI, was cloned into the 

pBluescript II KS vector (Stratagene, La Jolla, CA, USA) and used to generate sense and 

anti-sense RNA probes. Plasmids were linearized and used as a template to generate 

antisense or sense RNA probes using appropriate restriction endonuclease and RNA 

polymerase enzymes. Transcription reactions were carried out using digoxigenin-11-UTP 

(DIG) labeling mix. Hybridized embryos or sections were incubated overnight with anti-

DIG antibody conjugated to alkaline phosphatase (AP) (Roche Diagnostics, Laval, QC, 

Canada), and AP was detected using BM Purple reagent (Roche) or BCIP/NBT (BioShop 

Canada Inc, Burlington, ON, Canada). Following mRNA detection, embryos were 

photographed under a dissecting microscope (Leica MZ 9.5, Leica Microsystems 

(Canada) Inc., Richmond Hill, ON, Canada) using a digital camera (SPOT-RT, 

Diagnostic Instruments, Sterling Heights, MI, USA). At least 3 embryos of each genotype 

were used per marker.  

3.4 In situ hybridization on neural tube sections 

E10.5 or 11.5 embryos were fixed for 90 min in 4% paraformaldehyde/1X PBS and then 

cryoprotected using a sucrose series at 4˚C (5% for 30 min, 10% for 30 min, 20%  for 

2hr, and 30% overnight). Embryos were then embedded in embedding medium 

(Anatomical Pathology USA, Pittsburgh PA) frozen, and sectioned at 12µm using a 

Reichert-Jung Cryocut 1800 cryostat (Leica Microsystems (Canada) Inc.). Plasmids for 

generating anti-sense probes were provided by A Joyner (Evx1 and En1). Following 
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mRNA detection, slides were mounted with coverslips using Permount (Fisher Scientific, 

Ottawa, ON, Canada). Images were obtained using an Olympus BX51 microscope and 

QCapture software.   

3.5 Alcian Blue staining 

For staining of cartilage, E14.5 embryos were fixed overnight in 95% ethanol, then 

transferred to acetone overnight. Embryos were then stained in Alcian blue (Sigma), 

0.03% in 20%Glacial acetic acid/76% ethanol for 2 hrs. Embryos were washed twice in 

95% ethanol and left in 1% KOH for 2 hours, before clearing in 1%KOH/20% glycerol 

for several days. 

3.6 Immunohistochemistry 

For immunohistochemical analysis of neuronal markers, staged embryos were collected, 

fixed, cryoprotected and sectioned as described above. All slides represent transverse 

sections around the level of the hindlimbs unless stated otherwise. Sections were blocked 

in 1X PBS/0.2% Triton X-100 containing 10% goat serum for 1 h at room temperature, 

following incubation with primary antibodies (1:100 dilution for neuronal markers, 

1:1000 for acetylated α-tubulin) overnight in PBS/0.2% Triton X-100 with 1% goat 

serum at 4°C. After three washes in PBS/0.1% Triton X-100, slides were incubated with 

rabbit anti-mouse IgG Alexa 555 conjugated secondary antibody (1:500 dilution in 

PBS/0.2% Triton X-100 with 1% goat serum; Molecular Probes, Invitrogen Canada Inc., 

Burlington, ON, Canada) in a humidified chamber for 1-2 h at room temperature. Primary 

antibodies against neuronal markers were developed by Dr. T.M. Jessell (HB9: 81.5C10 
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and Nkx2.2: 74.5A5) Dr. A. Kawakami (Pax6 and Pax7), and Dr. O. D. Madsen (Nkx6.1: 

F55A10) were obtained through the Developmental Studies Hybridoma Bank at the 

University of Iowa, USA, and the primary antibody against acetylated α-tubulin was 

obtained from Sigma. At least 2 embryos of each genotype were used per marker. 

Coverslips were mounted with fluorescence microscopy mounting medium (Dako 

Canada, Inc., Mississauga, ON, Canada) Confocal microscopy was performed using a 

Leica TCS SP2 multiphoton confocal microscope using a 20X oil immersion lens, and 

images were captured using Leica Confocal Software.  

3.7 Cell culture and immunocytochemistry 

NIH/3T3 fibroblasts (ATCC) were maintained in DMEM (Sigma) supplemented with 

10% fetal bovine serum and 0.5% penicillin-streptomycin, 0.1% fungizone at 37˚C, 

5%CO2. For experiments, cells were seeded on coverslips in 6-well plates at an initial 

density of 300,000 cells/well. The next day once cells had reached confluency, the 

growth medium was replaced with DMEM containing 0.5% FBS to allow cilia formation, 

and where applicable media was supplemented with 1µM SAG (BioShop) for 24hr to 

induce the Hh pathway. 

For detection of Tulp3 and primary cilia, cells were fixed for 15 minutes at room 

temperature in 4% PFA/1X PBS, and washed 3 times in 0.1% Triton X-100. Cells were 

permeabilized with 0.5% Triton X-100, and blocked for 1hr at room temperature in 0.1% 

Triton X-100/10% normal goat serum/1X PBS, followed by incubation with primary 

antibodies against Tulp3 (1:500 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, 
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USA) and acetylated α-tubulin (1:1000 dilution, Sigma) in 0.1% Triton X-100/1% normal 

goat serum/1X PBS for 2 hr at 4˚C. Fluorescently labeled secondary antibodies were used 

for detection (1:500 dilution in 0.1%Triton X-100/1% goat serum/1X PBS); goat anti-

rabbit IgG Alexa 488, and rabbit anti-mouse IgG Alexa 555 (Molecular probes, 

Invitrogen Canada Inc., Burlington, ON, Canada). Cells were then counter-stained with 

DAPI (Invitrogen Canada, Inc.) and coverslips were mounted with fluorescence 

microscopy mounting medium (Dako), and confocal microscopy was performed as 

described.  

Primary cells were obtained from wild type and Tulp3
-/-

 E10-11 embryos. Embryos were 

decapitated and internal organs were removed before being finely minced in ice cold 1X 

PBS with a scalpel, and subsequently incubated in 2ml of 20%FBS/0.25% 

collagenase/1X PBS at 37˚C for 30 min with occasional pipetting to break up tissue. 

10ml of DMEM containing 10% FBS was added to each sample and after solution 

settled, the upper single cell suspension was transferred to a fresh tube and centrifuged 

for 5 min at 700rpm in a tabletop centrifuge. Pelleted cells were added to 10ml of fresh 

DMEM/10%FBS containing 0.5% penicillin-streptomycin, 0.1% fungizone and plated in 

10cm dishes. Immunocytochemical detection of cilia was performed as described for 

cultured NIH 3T3 cells. 
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Chapter 4 

Results 
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4.1 Tulp3 mutants exhibit increased Shh signalling and malformations of the neural 

tube and limbs 

4.1.1 Severe neural tube defects in Tulp3
-/-

 embryos 

The Tulp3 null phenotype is characterized by embryonic lethality, with mutant 

embryos displaying severe malformations of the neural tube in both cranial and caudal 

regions (Figure 6 and (Ikeda et al., 2001). At E12.5, the caudal neural tube of Tulp3
-/-

 

embryos is severely malformed and appears dilated and overgrown compared to wild 

type controls (Figure 6B). Some Tulp3 mutants also develop exencephaly, a failure of 

the cranial neural tube to close, resulting in malformation of the forebrain (Figure 6D, 

F). By E13.5 abnormal facial development characterized by severe clefting was also 

observed in a subset of embryos (Figure 6F). Taken together, these results are consistent 

with previous studies (Ikeda et al., 2001), and demonstrate that Tulp3 is required for 

proper neural tube and craniofacial morphogenesis. 

4.1.2 Tulp3
-/-

 embryos develop preaxial polydactyly 

In addition to previously reported neural tube and craniofacial malformations, 

analysis of Tulp3 mutant embryos between E12.5 and E14.5 revealed that these mutants 

also consistently develop polydactyly of both the forelimbs and hindlimbs. Mutant 

embryos typically developed at least one and sometimes two extra anterior digits in  
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Figure 6. Neural tube defects in Tulp3 mutants  

Wild type (A) and Tulp3 mutant (B) embryos at E12.5. The mutant embryo shows a 

severely malformed neural tube in the caudal region (B, asterisks) with apparent sites of 

hemorrhaging (arrowheads). C-F: Wild type and Tulp3 mutant embryos at E13.5. The 

mutant embryo has exencephaly (dashed line in D) and severe facial clefting (arrows in 

F) as well as anophthalmia (lack of eyes). 
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forelimbs, and one extra anterior digit in the hindlimbs (Figure 7). As embryos appeared 

to develop additional digits in the anterior of the limb bud, the polydactyly is preaxial. 

4.1.3 Increased Hh signaling in the absence of Tulp3 

Taken together, these data along with those previously reported (Ikeda et al., 

2001) implied that the spectrum of defects observed upon loss of Tulp3 strongly 

resembled those resulting from improper regulation of Shh signaling, raising the 

possibility that Tulp3 functions in the regulation of this pathway during development. For 

this to be the case, Tulp3 would be expected to be expressed in tissues where Shh 

signalling is known to play an important role. Previous work analyzing the expression of 

an EGFP reporter knock-in at the Tulp3 locus indicated that Tulp3 is essentially 

ubiquitously expressed during mid gestation (E8.5-E14.5), including throughout the 

neural epithelium (Ikeda et al., 2001). Examination of the expression of Tulp3 mRNA by 

whole mount in situ hybridization (WMISH) confirmed this, and also showed that Tulp3 

is expressed throughout the early limb bud (Figure 8).  

In order to assess the effect of loss of Tulp3 on Shh signalling, the expression of 

Ptc1, a direct transcriptional target of the Shh pathway was examined by WMISH 

(Figure 9). At E9.5 and E10.5 increased Ptc1 expression was detected in the caudal 

somites and neural tube, the craniofacial region, (Figure 9C and D) as well as in 

forelimbs (Figure 9G) of mutants as compared to wild type, indicating that activation of 

the Shh pathway is increased in Tulp3
-/-

 mice. Expression of Ptc1 in the Tulp3
-/-

 

hindlimbs did not appear to be affected at this stage. These data suggest increased 
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Figure 7. Tulp3 mutant embryos develop preaxial polydactyly 

A-F: Wild type and Tulp3
-/-

 embryos at E14.5, and close up views of fore and hindlimbs. 

The mutant embryo displays a malformed caudal neural tube (arrows) and edema 

(asterisk) in the rostral neural tube (D). Tulp3 mutants also develop preaxial polydactyly; 

panel E shows the mutant forelimb bud with two extra digits forming at the anterior of 

the limb (asterisks), while one extra anterior digit forms in the hindlimb (F, asterisk). G-

J: Alcian blue stained limbs of wild type and Tulp3 mutants reveals formation of extra 

digits in the anterior limb bud. 
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Figure 8. Tulp3 expression in the embryo 

E10.5 wild type embryo hybridized with either an antisense (left), or sense (right) Tulp3 

RNA probe (A). Tulp3 mRNA is detected ubiquitously, including intense staining in the 

limb buds along the entire anterior-posterior axis (B). The lack of staining in using a 

sense probe indicates that this expression is specific. flb: forelimb bud. 
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Figure 9. Ptc1 expression in wild type and Tulp3 mutant embryos. 

A-D: Analysis of Ptc1 expression by WMISH at E9.5 (A and C) and E10.5 (B and D).  

Normal expression of Ptc1 is found in the neural tube and somites at E9.5 as well as in 

the craniofacial region at E10.5. In Tulp3
-/-

 embryos at E9.5, Ptc1 staining appeared more 

intense and dorsally expanded in the caudal neural tube and somites compared to wild 

type (C, bracketed region). At E10.5 stronger expression is also detected in craniofacial 

region (bracketed region in D). E-H: Ptc1 expression in wild type and Tulp3
-/-

 limb buds. 

In wild type fore- and hindlimbs Ptc1 is expressed in the posterior limb bud with 

expression decreasing anteriorly, while expression is absent from the anterior limb bud 

(E and F). In the Tulp3 mutant, Ptc1 mRNA is detected throughout the A-P axis of the 

forelimb bud (compare bracketed regions between E and G), while expression appears 

normal in the hindlimb bud at this stage (compare F and H). In panels E-F, dorsal views 

are shown, and anterior is towards the top. 
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activity of the Hh signalling pathway in the developing embryo in the absence of Tulp3 

function.  

4.1.4 Altered expression of somite patterning genes in Tulp3 mutants 

During embryonic axis extension, Shh signalling from the ventral midline of the 

newly formed neural tube also plays a role in dorsoventral patterning of the somites – the 

segmental units of epithelial cells which eventually give rise to vertebrae, muscle, 

connective tissue, and dermis (Brent and Tabin, 2002). Somites form synchronously from 

the presomitic mesoderm (PSM) on either side of the neural tube in a rostral to caudal 

fashion (Dequeant and Pourquie, 2008). Shh induces expression of Pax1 in the ventral 

somite which forms the sclerotome, and restricts expression of Pax3 to the dorsal somite 

which gives rise to the dermomyotome (Figure 10A) (Fan and Tessier-Lavigne, 1994; 

Johnson et al., 1994).  Since increased expression of Ptc1 was detected in the somites in 

the caudal region, expression of Pax1 and Pax3 was analyzed in order to determine the 

effects of loss of Tulp3 function on Shh dependent patterning processes. Pax3 is normally 

expressed in the dorsal neural tube and somites along the entire A-P axis, and this 

expression was dramatically reduced in Tulp3 mutants at E9.5 (Figure 10B). In the 

control embryo all staining was detected in all somites including the most recently 

formed pair, and in the dorsal neural tube extending caudally well past the most recently 

formed somites (black arrow in B, top panel) . In the mutant however, Pax3 expression in 

somites was very weak or absent at caudal as well as thoracic levels, and the posterior 

extent of dorsal neural tube expression was shifted caudally (compare lower panels in B).  
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Figure 10. Expression of somite markers in Tulp3 mutants 

A: Somite patterning involves inductive cues from surrounding tissues, such as dorsally 

derived BMPs and Wnts, as well as Shh from the notochord and floor plate. B: Pax3 

expression at E9.5. Black arrows in top panel marks the caudal extent of the dorsal neural 

tube expression. Expression is severely reduced in somites and neural tube of the Tulp3 

mutant (right), although some expression is detected in rostral somites (white 

arrowheads).  Asterisks in lower panels mark the last 3 pairs of somites formed, and 

black arrows mark the caudal limit of neural tube expression (although very weak 

expression can be detected past this arrow in the mutant (right)). C: Pax1 expression at 

E9.5. Expression appears relatively normal in the mutant, with possible upregulation in 

the caudal portion of the mutant (between black arrows). D: Uncx4.1 expression at E9.5. 

Expression in the mutant appears identical to that of the wild type embryo. 
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Pax1 expression however was not decreased to any obvious degree in Tulp3 mutants, 

suggesting that the defect in Pax3 expression was not due to a defect in somite formation. 

This was also supported by the expression of the homeobox gene Uncx4.1, which is 

expressed in the caudal half of the somite, and appears unaffected in Tulp3 mutants 

(Figure 10D). In fact, the expression of Pax1 in the caudal portion of the embryo (arrows 

in C) appeared to more intense than in more rostral levels. This region of the embryo 

overlaps with the region that was observed to express higher levels of Ptc1 in the mutant, 

indicating that this apparent difference in expression could be due to an increase in Shh 

signalling in this tissue. 
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4.2 Analysis of neural tube patterning in Tulp3 mutants 

4.2.1 Malformation and altered gene expression in the Tulp3 mutant caudal neural 

tube 

Shh plays a critical role in specifying neural cell fate within the ventral neural 

tube. During neural tube patterning, Shh is normally produced in the notochord and floor 

plate from where it diffuses dorsally, thereby activating transcription of target genes in a 

concentration dependent manner. The roof plate, which is a source of BMPs and Wnts, is 

required for the generation of neural subtypes found in the dorsal neural tube (Lee et al., 

2000). In order to examine the neural tube phenotype observed in Tulp3
-/-

 mutants, E11.5 

embryos were fixed, frozen, and sectioned (transverse) through the caudal neural tube 

around the level of the hindlimbs. The expression of neural markers was then analyzed by 

immunofluorescence (Figure 11). The caudal neural tube in Tulp3-/- embryos appears 

malformed, and tranverse sections revealed that it consisted of a much thinner dilated 

neuroepithelium (Figure 11C and D) with a large luminal cavity. Additionally, the 

distinct marginal and ventricular zones present in the wild type neural tube at this age are 

not clear in the mutant, which instead appears to have a single layer of undifferentiated 

neuroepithelial cells. Analysis of neural progenitor markers Nkx2.2, Pax6 and Pax7 

revealed that D-V patterning is also impaired in the Tulp3
-/-

 neural tube. Nkx2.2 is 

normally confined to cells immediately dorsolateral to the floor plate, but in Tulp3 

mutants Nkx2.2
+
 cells were detected in a much larger domain which expanded  
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Figure 11. Examination of the caudal neural tube of Tulp3 mutant embryos at E11.5 

E11.5 wild type (A) and Tulp3-/- (B) embryos. The Tulp3 mutant shows malformation of 

the caudal neural tube (asterisks). C-H: Immunofluorescence staining on frozen 

transverse sections through the caudal neural tube of wild type and Tulp3
-/-

 embryos 

using primary antibodies against Nkx2.2, Pax6, and Pax7 (red), counterstained with 

DAPI (blue). The mutant neural tube consists of a much thinner neuroepithelial (ne) cell 

layer (compare widths between panels C and D), and a dilated lumen (asterisk in D).  The 

marginal zone (mz) and ventricular zone (vz) are also clearly present and discernable in 

the wild type spinal cord (dashed line in C). Nkx2.2 is normally expressed in V3 

progenitors flanking the floor plate (arrows in C), and it is present in a broader domain in 

the Tulp3 mutant (bracketed regions in D). Pax6 and Pax7 are expressed in lateral and 

dorsal domains respectively which decrease towards the dorsal midline (dashed lines in E 

and G), and these domains are shifted dorsally and span the dorsal midline in Tulp3 

mutants (bracketed regions in F and H).  
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dorsally (Figure 11C and D). Moreover, expression of Pax6 which is normally expressed 

in lateral cells of the neural tube and is suppressed ventrally by Shh signalling, was 

expressed in a dorsally shifted domain in the mutant corresponding to the dorsal shift in 

Nkx2.2 expression (Figure 11F).  Similarly, Pax7 expression which is normally present 

in the dorsal neural tube was expressed in a reduced domain restricted to the dorsal-most 

cells (Figure 11H). The Pax6 and Pax7 expression domains in the Tulp3 mutant also 

abnormally encompassed the dorsal midline (Figure 11E and H), where these genes are 

normally absent. This observation, along with the abnormal morphology of the neural 

tube suggests the absence of a morphological or functional roof plate in this portion of 

the Tulp3 mutant neural tube.  

4.2.2 Disruption of neural tube D-V patterning in Tulp3
-/-

 mutants 

To further assess the apparent defect in D-V patterning of the neural tube in Tulp3 

mutants, the expression of floor plate and roof plate markers was examined (Figure 12).  

At E9.5, Wnt1 is normally expressed at the dorsal midline of the neural tube, in the 

roofplate along the A-P axis of the embryo (Figure 12A). In Tulp3 mutants at the same 

stage, Wnt1 expression is detected rostrally in its normal expression domain, as well as in 

part of the spinal cord, however its expression is absent from the caudal portion of the 

neural tube (Figure 12D). Moreover, expression of the transcription factor Foxa2 (also 

known as Hnf3β) which is expressed by floor plate cells, is expressed in a dorsally 

expanded domain in the caudal neural tube, and this domain coincides with the region 

that lacks Wnt1 expression. Since the floor plate is induced by high levels of Shh  
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Figure 12. Altered floor plate and roof plate gene expression in Tulp3 mutants 

WMISH analysis of expression of the roof plate marker Wnt1 (A and D), and the floor 

plate markers Foxa2 (B and E) and Shh (C and F) in wild type and Tulp3
-/-

 embryos at 

E9.5. The caudal limit of expression of Wnt1 is shifted rostrally in the Tulp3 mutant 

(arrowheads in A and D), while expression of Foxa2 expands dorsally in the 

corresponding region (bracketed are in E). Expression of Shh appears to be unaffected at 

this stage (F). 
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signalling from the notochord, the expression of Shh was examined in order to determine 

if this expansion of floor plate identity in the caudal neural tube was due to an increase in  

Shh expression at this stage. At E9.5 Shh expression in Tulp3 mutants appeared to be 

confined to the ventral midline as in wild type embryos (Figure 12C and F), suggesting 

that the expansion of floor plate identity is not dependent on ectopic expression of Shh. 

Once induced, the floor plate also expresses Shh, which acts to pattern the ventral neural 

tube. The expression of Shh was therefore examined at slightly later stages by ISH on 

whole embryos and in neural tube sections (Figure 13). Indeed, at E10.5 Shh transcripts 

in the neural tube were detected in a dorsally expanded domain (Figure 13A and D) 

consistent with the observed expansion of floor plate cell fate. This was confirmed by 

section ISH on neural tube sections from E10.5 and E11.5 mutant embryos, with Shh 

expressing cells detected dorsal to the floor plate (Figure 13B, C, E, and F). 

In order to examine the effect of an apparent change in D-V cell patterning in the 

caudal neural tube of Tulp3
-/-

 embryos, the expression of patterning genes was also 

examined at E10.5 when progenitor domains are being specified (Figure 14). Expression 

of the V3 interneuron marker Nkx2.2 is induced by high levels of Shh and is normally 

expressed in the ventral-most cells flanking the floor plate. In the neural tube of Tulp3 

mutants, Nkx2.2 was present in a dorsally expanded domain compared to wild type 

(Figure 14A and F). Nkx6.1, also induced ventrally by Shh, was expressed in more 

dorsal cells and was expressed almost entirely along the D-V axis (Figure 14B and G). 

HB9 is a homeodomain transcription factor which requires Shh for its expression and is  
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Figure 13. Expression of Shh in the neural tube of Tulp3 mutants 

Detection of Shh expression in whole embryos at E10.5 (A and D) and on transverse 

sections through the caudal neural tube at E10.5 (B and E) and E11.5 (C and F). Insets in 

panels A and D show cross sectional views of the neural tube at the level of the 

hindlimbs. Shh mRNA is detected in the notochord and floor plate of wild type embryos, 

while in mutant embryos Shh is expressed in more dorsal cells in addition to the floor 

plate (bracketed regions). In panels B, C, E, and F, and insets in A and B dorsal is 

towards the top. fp: floor plate, no: notochord. 
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Figure 14. Analysis of ventral neural tube patterning in Tulp3 mutants 

Patterning in the ventral neural tube was analyzed by immunofluorescence staining using 

primary antibodies against Nkx2.2 (A and F), Nkx6.1 (B and G), HB9 (C and H), Pax6 

(D and I) and Pax7 (E and J) on sections through the caudal neural tube of wild type and 

Tulp3
-/-

 E10.5 embryos. In mutant embryos, the expression domains of Nkx2.2, Nkx6.1, 

and HB9 expand dorsally, while expression of Pax6 and Pax7 are reduced and shifted 

dorsally compared to wild type. In all panels dorsal is towards the top of the page. 



 

88 

 

 

 



 

89 

 

specifically expressed in motor neuron progenitor cells found in a domain immediately 

dorsal to the V3 domain. The region of HB9 expressing cells was also dorsally expanded  

in Tulp3
-/-

 embryos as compared to wild type (Figure 14C and H). Consistent with its 

expression at E11.5, the expression domain of Pax6, which is inhibited by high levels of 

Shh, was shifted dorsally and was detected in cells at the dorsal midline, where Pax6 is 

normally excluded from the roof plate. Likewise, the expression domain of Pax7 showed 

a dorsal shift, being restricted to the dorsal-most cells (Figure 14). Taken together, these 

data indicate that in the absence of Tulp3, the regulation of Shh dependent patterning of 

the ventral neural tube is impaired, and cells do not appear to adopt the correct fate that 

their position along the D-V axis would normally dictate.  

4.2.3 Disorganization of neurofilaments and impaired Shh directed axon guidance in 

the Tulp3
-/- 

neural tube 

During spinal cord development, neurons formed in the dorsal neural tube send 

axon projections ventrally towards the floor plate where they eventually cross the ventral 

midline forming the ventral comissure (vc). In order to examine the formation of the vc, 

neural tube sections were stained with a neurofilament specific antibody (Figure 15A). In 

the wild type embryos, dorsally derived axons projecting ventrally are clearly labeled, 

and the ventral commissure forms under the floor plate (Figure 15A). In the Tulp3 

mutant however, although the vc forms at more rostral levels (where the neural tube is 

less severely malformed), it appears highly disorganized with a more diffuse range of 

contributing axons than the wild type (Figure 15A). At the caudal level, no staining is  
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Figure 15. Neurofilaments are disorganized in Tulp3 mutants 

A: Immunofluorescence staining detect neurofilaments in wild type (WT) and and Tulp3
-

/-
 neural tube.  The ventral commissure (vc) is present below the floor plate in the wild 

type embryo (arrowhead). At the thoracic level, the vc is present in the Tulp3 mutant but 

appears more disorganized and diffuse (arrowhead). At more caudal levels, it is absent all 

together (asterisk). Neurofilaments appear to originate from more dorsal positions in the 

caudal neural tube (compare bracketed regions). B: Detection of TAG-1
+
 commissural 

neurons in WT and mutant embryos. Ventrally projecting axons in the mutant appear 

more disorganized (arrowheads) C: Ventral patterning appears normal at the thoracic 

level in the absence of Tulp3. Expression domains of Nkx2.2 and Nkx6.1 are comparable 

between WT and mutant. In all panels dorsal is towards the top. 
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detected at the ventral midline at all indicating that the axons fail to cross the midline. 

Moreover, the pattern of staining is completely disorganized throughout the neural tube 

and axons appear to originate from more dorsal positions (Figure 15A), consistent with 

the observed altered expression of D-V patterning genes. Floor-plate derived attractive 

signals including Netrin-1 as well as Shh have been shown to direct dorsally derived 

axons towards the floor plate, and antibody against TAG-1 labels a subset of these axons 

(Charron et al., 2003). To visualize ventrally projecting axons during pathfinding, neural 

tube sections at the thoracic level were also assayed for TAG-1 expression (Figure 15B). 

In wild type, TAG-1
+
 commissural neurons are detected in two streams projecting 

towards the floor plate from the dorsal neural tube contributing to the vc. In the mutant 

embryos TAG-1
+
 neurons are also detected but appear more disorganized with several 

axons present along different trajectories (Figure 15B, arrows). In order to determine if 

altered patterning could contribute to the apparent alteration in axon pathfinding, 

expression of progenitor markers Nkx2.2 and Nkx6.1 were examined at E11.5 at the 

thoracic level (Figure 15C). Unlike in the caudal neural tube in which the expression 

domains of both markers are dramatically expanded dorsally, this was not the case in the 

thoracic neural tube. These results indicate that Tulp3 may play a role in the guidance of 

dorsally derived axons independently of its effects on neural patterning. 
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4.3 Analysis of limb patterning in Tulp3
-/-

 embryos 

4.3.1 Loss of Tulp3 affects formation of the ZPA but the AER appears intact 

Shh expressed in the polarizing region of the limb bud plays a critical role in the 

specification of A-P segments and development of digits (Harfe et al., 2004; Riddle et al., 

1993; Scherz et al., 2007). Given that Tulp3
-/-

 embryos develop polydactyly in fore- and 

hindlimbs the expression of Shh was analyzed in early limb buds of mutant embryos 

(Figure 16). At E10.5 the domain of Shh expressing cells was not tightly restricted to the 

posterior margin in forelimb buds of Tulp3 mutants and appeared disorganized and 

expanded into more anterior regions (Figure 16B). Expression of Shh in the hindlimbs 

however, did not appear to be affected at this stage (Figure 16D). At E11.5 ectopic Shh 

expressing cells are detected in the forelimbs (Figure 16F), while a small domain of Shh 

expressing cells was present at the anterior margin of the hindlimbs (Figure 16H). 

Specification of the AER did not appear to be affected by the absence of Tulp3, as 

assessed by expression of Fgf8 in the mutant forelimb and hindlimb (Figure 16J and L). 

To examine the consequences of the observed alteration of Shh expression, the 

expression of Ptc1, a direct target of Shh signalling was also analyzed in limb buds at this 

stage. At E11.5 Ptc1 is normally expressed in a posterior domain in forelimbs and 

hindlimbs (Figure 17A and C). In the Tulp3
-/-

 embryo Ptc1 expression was detected 

throughout the A-P axis of the forelimb E11.5 (Figure 17B), consistent with the 

expression of Ptc1 at E10.5 (see Figure 9) indicating an increase in Shh pathway 

activation. In the hindlimb at this stage an ectopic anterior Ptc1 expression domain was 
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Figure 16. ZPA and AER formation in Tulp3 mutant limb buds 

WMISH detection of Shh (A-H) and Fgf8 (I-L) mRNA to visualize the ZPA and AER 

respectively. At E10.5 Shh is specifically expressed at the posterior margin in both fore-

and hindlimbs (A and C). In the mutant forelimb at this stage, Shh expressing cells are 

found in a more diffuse pattern and more anteriorly (bracketed regions in B). Shh 

expression in the hindlimb appears normal at this stage (D). At E11.5 ectopic Shh 

expressing cells are still detectable in the mutant limb (arrowhead in F). In the hindlimb 

at E11.5 a small ectopic domain of Shh expressing cells is detected at the anterior margin 

(arrowhead in H). Fgf8 expression at E11.5 appears unaffected in mutant forelimbs and 

hindlimbs compared to wild type (compare J and L with I and K). In all panels, dorsal 

views are shown and anterior is towards the top. 
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Figure 17. Ptc1 expression in Tulp3 mutant limb buds  

WMISH of Ptc1 mRNA in wild type (A and C) and mutant (B and D) limb buds at 

E11.5. Ptc1 expression is induced by Shh signalling in the posterior limb bud, and is 

detected in a graded domain in both fore- and hindlimbs (A and C). In the mutant 

forelimb, Ptc1 mRNA is expressed throughout the A-P axis (B), similarly to what is 

observed at E10.5 (see Figure 9). Unlike the hindlimb expression at E10.5 which is 

normal (Figure 9) at E11.5, Ptc1 expression is detected in an ectopic anterior domain (D, 

arrowhead) corresponding to the ectopic domain of Shh expression. In all panels dorsal 

views are shown and anterior is towards the top. 
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detected in Tulp3 mutants (Figure 17D), consistent with the ectopic Shh expression in 

this region. 

4.3.2 Altered A-P patterning of the autopod in Tulp3 mutant limb buds 

Shh signalling from the ZPA is required for induction of the 5’ HoxD genes 

(Hoxd11-13) which are expressed in a nested posterior pattern along the A-P axis and 

involved in autopod patterning (Chiang et al., 2001; Zakany and Duboule, 2007). 

Moreover, 5’ HoxD genes are ectopically expressed throughout the presumptive autopod 

in Gli3 mutants which develop severe polydactyly (Hill et al., 2007; Litingtung et al., 

2002; te Welscher et al., 2002). In order to assess the effect of altered Shh signaling in the 

absence of Tulp3 on autopod patterning, the expression of posterior and anterior specific 

genes was analysed by WMISH.  Expression of Hoxd13, which is normally repressed by 

Gli3R in the anterior limb bud, was observed to extend anteriorly in both fore- and 

hindlimbs at E11.5 (Figure 18B, D and F), and was present along the entire A-P axis of 

the Tulp3
-/-

 limb buds. At E12.5 the Hoxd13 expression domain persists along the A-P 

axis of the distal forelimb bud (Figure 18J) while an ectopic anterior domain of 

expression is evident in the mutant hindlimb bud (Figure 18L). Expression of Pax9 is 

normally restricted to the anterior limb bud (Figure 19A, C, E, and G) and is dependent 

on the activity of Gli3R, such that its expression is lost in the Gli3
Xt/Xt

 mutant and is 

expressed throughout the limb bud in Shh
-/-

 mutants (McGlinn et al., 2005). In the Tulp3
-/-

 

limb bud, Pax9 was absent from both fore- and hindlimbs at E11.5 (Figure 19B and D).  
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Figure 18. Expression of Hoxd13 in Tulp3 mutant limb buds at E11.5 and E12.5 

WMISH analysis of Hoxd13 expression in wild type and Tulp3
-/-

 embryos at E11.5 (A-F) 

and E12.5 (E-L). Wild type and Tulp3
-/-

 embryos showed strong and specific expression 

in the developing limb buds (A, B, G and H). Expression is detected in a posterior 

domain encompassing digits 2 through 5, while it is absent from the anterior-most portion 

of the limb bud (C, E, I, and K). In Tulp3 mutants at E11.5 the expression domain 

extends anteriorly to encompass the entire A-P axis of the autopod (compare anterior 

expression limits (arrowheads) between panels C, E and D, F). At E12.5 Hoxd13 is 

similarly expressed across the A-P axis in the forelimb (J), while the hindlimb has an 

ectopic anterior domain of expression (L, arrowhead). Dorsal views of limb buds are 

shown. 
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Figure 19. Expression of Pax9 in Tulp3 mutants 

Expression of Pax9 detected by WMISH in wild type and Tulp3 mutant E11.5 (A-D) and 

E12.5 (E-H) limb buds. Pax9 is restricted to the anterior limb bud in wild type embryos 

(A, C, E and G). Pax9 expression is absent from fore- and hindlimb buds of Tulp3 

mutants (B and E). At E12.5 reduced expression is detected in an anterior domain of the 

forelimb bud (F, arrowhead). Expression is still absent in the hindlimb bud at this stage 

(H). 
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At E12.5 reduced expression compared to wild type is detected in the anterior portion of 

the Tulp3mutant forelimb (Figure 19F), but expression remains absent in the hindlimb 

(Figrue 18H). 

4.3.3 Expression of Gli3 is not impaired in the absence of Tulp3 

It was possible that the altered expression of Gli3-regulated genes (Pax9 and 

Hoxd13) observed could result from of a loss of Gli3 function. In order to determine if 

these expression patterns were the result of reduced or absent Gli3 expression, WMISH 

using a probe to detect Gli3 was carried out. Gli3 was found to be expressed similarly in 

wild type and Tulp3 mutant embryos in both fore- and hindlimbs at E10.5 (Figure 20). 

These data indicate that the polydactyly phenotype observed in the absence of Tulp3 

function is not due to a loss of Gli3 expression.  
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Figure 20. Gli3 expression is normal in Tulp3 mutants 

WMISH analysis of Gli3 expression at E10.5 in wild type (A and C) and Tulp3
-/-

 (B and 

D) limb buds. Gli3 is normally expressed anteriorly in both fore- and hindlimbs (A and 

C), and this expression is unchanged in Tulp3 mutants (B and D). 
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4.4 Tulp3 suppresses Hh signalling in the absence of Shh 

4.4.1 Tulp3 is epistatic to Shh 

Embryos lacking Tulp3 develop defects consistent with inappropriate Shh 

signalling. These mutants also display evidence of increased and ectopic expression of 

Shh in the neural tube and limb buds (see Figures 13 and 15).  Therefore, two different 

scenarios could explain the observed phenotypes; 1) loss of Tulp3 leads to ectopic 

expression of Shh resulting in inappropriate pathway activation in cells not normally 

exposed to high levels of Shh, or 2) Tulp3 plays a repressive role in the pathway, and acts 

to inhibit pathway activation in the absence of ligand. In order to distinguish between 

these possibilities, embryos null for both Shh and Tulp3 were generated. If scenario 1 was 

the case, then Tulp3
-/-

Shh
-/-

 embryos would be predicted to develop similarly to Shh
-/-

 

embryos; lacking digits and ventral neural cell types. If scenario 2 was true then 

Tulp3/Shh compound mutants should resemble Tulp3 mutants, as the increase in 

signalling is independent of ectopic Shh expression. At E10.5 the double mutants were 

observed to resemble Tulp3 mutants (Figure 21A-D), indicating that Tulp3 is epistatic to 

Shh. Moreover, Tulp3/Shh compound mutants were found to express Ptc1 in the caudal 

neural tube and somites as well as the craniofacial region in a similar manner as Tulp3 

mutants (Figure 21F-H), although Ptc1 is not detected in Shh mutants (Figure 21G). 

Expression of the floor plate marker Foxa2 is increased in the ventral neural tube of 

Tulp3 mutants (Figure 21J) and is absent from the Shh
-/-

 neural tube (Figure 21K).  
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Figure 21. Tulp3 is epistatic to Shh 

A-D: Whole E10.5 wild type (A), Tulp3 (B), Shh (C), and Tulp3/Shh (D) mutant 

embryos. Tulp3
-/-

Shh
-/-

 embryos are morphologically similar to Tulp3
-/-

 embryos 

(compare B and D to C and A). E-H: Ptc1 expression in wild type, Tulp3, Shh, and 

Tulp3/Shh embryos. Ptc1 is highly expressed in the caudal in neural tube and craniofacial 

regions of both Tulp3 (F) and Tulp3/Shh (H, bracketed areas) mutants. I-L: Expression 

of the floor plate marker Foxa2 in wild type, Tulp3, Shh, and Tulp3/Shh E10.5 embryos. 

Foxa2 expression is dorsally expanded in the caudal neural tube of Tulp3 mutants (J), 

while completely absent from the neural tube of Shh null embryos (K). Foxa2 expressing 

cells are detected in the caudal neural tube of compound mutant embryos (L, arrow). 
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Although Foxa2 is not expressed in the same expanded domain in Tulp3/Shh compound 

mutants, Foxa2 expressing cells are detected in the dorsal portion of the caudal neural 

tube (Figure 21L). This indicates that neural markers that require the highest level of Shh 

for their expression are expressed in Tulp3 mutants independently of Shh.  

4.5 Ventral neural markers are expressed in Tulp3/Shh mutants 

Analysis of the neural patterning phenotype in Tulp3/Shh double mutant embryos 

showed that specification of ventral neural subtypes could occur in the absence of Shh. 

Expression of Nkx2.2, which is lost in Shh mutants, is detected in an expanded domain in 

Tulp3/Shh mutants, similarly to what is observed in Tulp3 mutants (Figure 22A-D). HB9 

positive motor neuron progenitors, which are not specified in Shh mutants, were also 

detected in Tulp3/Shh null embryos (Figure 22E-H). Pax6 is normally expressed in 

lateral positions of the neural tube due to repression by high Shh levels, and this domain 

is shifted dorsally in Tulp3
-/-

 embryos (Figure 22J). In Shh mutants Pax6 is expressed 

throughout the neural tube (Figure 22K), but is absent ventrally in Tulp3/Shh compound 

nulls (Figure 22L). Together, these results indicate both that the Shh pathway is active in 

the neural tube of Tulp3/Shh mutants, and that loss of Tulp3 results in ligand-independent 

pathway activation. 
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Figure 22. Neural patterning in Tulp3/Shh compound mutants 

Immunofluorescent analysis of neural markers in wild type, Tulp3, Shh, and Tulp3/Shh 

mutant E10.5 embryos for Nkx2.2 (A-D), HB9 (E-H), and Pax6 (I-L). The V3 progenitor 

marker Nkx2.2 is expressed throughout the ventral half of the neural tube in Tulp3 

mutants (B), while no cells expressing Nkx2.2 are detected in Shh
-/-

 embryos (C). 

Tulp3/Shh compound null embryos contain V3 progenitors in a similar dorsally expanded 

domain as seen in Tulp3 mutants (D). Similarly, HB9-positive cells are present in a broad 

domain in the absence of Tulp3 (F) and are not specified in absence of Shh (G). Cells 

expressing HB9 are present in Tulp3/Shh double mutants (H). Pax6, which is repressed 

ventrally by Shh signalling, is shifted dorsally in Tulp3 mutants (J), and present 

throughout the neural tube of Shh
-/-

 embryos (K). In compound mutants, Pax6 is 

expressed dorsally but repressed in the ventral neural tube (L), which is comparable to 

what is observed in Tulp3
-/-

 embryos. In all panels the dorsal aspect of the neural tube is 

oriented towards the top. 
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4.6 Loss of Tulp3 function can partially restore limb formation in Shh mutant 

embryos 

Loss of Shh causes severe defects in A-P patterning of the limbs, where null 

embryos display a single zeugopod element, and loss of all digits in forelimbs and all but 

one digit in the hindlimbs (Chiang et al., 2001). When Tulp3 was lost in a Shh mutant 

background, two zeugopod elements as well as multiple digits were formed (Figure 23A-

D). Interestingly, compound mutants were not found to be polydactylous, but instead 

developed five digits in both fore- and hindlimbs (Figure 23E-H). These data indicate 

that zeugopod and autopod elements can form in the absence of Shh in Tulp3 mutants. 

However, the observation that compound mutants are not polydactylous suggests that the 

Tulp3
-/-

 limb phenotype is partially dependent upon Shh.  

Expression of Ptc1 was assessed by WMISH to determine the extent of Hh 

pathway activation in compound mutants (Figure 24). Low level Ptc1 expression was 

detected in the limb buds of Tulp3/Shh embryos (Figure 24D) as compared to wild type 

(Figure 24A) or Tulp3
-/-

 embryos (Figure 24B) indicating that the pathway is not 

activated to the same extent upon loss of Shh in the Tulp3
-/-

 background.  

 

 

 

 

 



 

113 

 

 

 

 

 

 

Figure 23. Loss of Tulp3 improves limb development of Shh null embryos 

E14.5 wild type, Tulp3
-/-

, Shh
-/-

, and Tulp3
-/-

Shh
-/-

 embryos (A-D) and close-ups of 

forelimbs (E-H). Alcian blue stained forelimbs from each genotype are also shown (I-L). 

At this stage Tulp3/Shh compound mutants resemble Tulp3 mutants (compare B and D 

with A and C). Shh null forelimbs lack digits and form a single zeugopod element (G and 

J), while multiple digits and 2 separate zeugopod elements develop in the compound 

mutant limbs (H, and L, arrowheads). In panels E through L anterior is towards the top. 
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Figure 24. Ptc1 expression in compound mutants 

WMISH for detection of Ptc1 mRNA at E10.5 in wild type (A), Tulp3 (B), Shh (C), and 

Tulp3/Shh (D) mutant embryo forelimb buds. Ptc1 expression is undetected in Shh 

mutant limb buds (C), while Ptc1 is expressed throughout the A-P axis of the Tulp3 

mutant limb bud (B). Low level expression of Ptc1 is detected in compound mutant limb 

buds (D, arrowhead). Dorsal views are shown with anterior towards the top. 
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4.7 Tulp3 and cilia 

4.7.1 Tulp3 is not required for cilia formation 

Several studies in recent years have provided evidence that mammalian Hedgehog 

signalling is intimately tied to primary cilia. As previously mentioned, the ability of cells 

to sense extracellular Hh ligands and generate the appropriate intracellular response 

drives pattern formation and morphogenesis in Hh-sensitive tissues. In order for this to 

properly occur, cells must generate properly formed and functional cilia. Either lack of 

cilia or the presence of malformed cilia results in a defective Hh pathway (Eggenschwiler 

and Anderson, 2007). Moreover, mutations that affect cilial function, such as genetic 

mutation in the mouse homolog of the complex A IFT protein IFT139, results in 

defective retrograde ciliary transport and an activation of Shh signalling (Tran et al., 

2008), similarly to what is observed in the Tulp3 mutant phenotype (this work and 

(Norman et al., 2009; Patterson et al., 2009)). Given the profound effects of loss of Tulp3 

function on the Hh pathway, the relationship between Tulp3 and primary cilia was 

explored.  

Transverse sections from wild type and Tulp3 mutant neural tubes at E10.5 were 

examined by immunofluorescence using a primary antibody directed against the cilia-

specific acetylated α-tubulin (Ac α-tubulin) (Figure 25A and B). Staining throughout the 

neural tube appeared similar between the control and mutant, although the mutant neural 

tube had the characteristic shape observed in the caudal region (see Figure 11). Cilia  
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Figure 25. Cilia form in the absence of Tulp3 

Transverse sections through the caudal neural tube of wild type (A) and Tulp3
-/-

 (B) 

embryos at E10.5 and PMEFs derived from E11.5 wild type (C) or mutant embryos (D) 

were examined using an antibody directed against Ac α-tubulin to visualize cilia. Staining 

in the neural tubes appeared similar between wild type and mutant, and specific ciliated 

cells were detected within the ventral somites in both cases (arrows in A and B). 

Similarly, cilia were detected in both wild type and Tulp3
-/-

 PMEFs (arrow in C and D). 

In panels A and B dorsal is towards the top of the page. 
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formation was also assessed in PMEFs derived from E11.5 wild type and Tulp3 mutant 

embryos (Figure 25C and D). Mutant cells were found to generate cilia in a manner 

similarly to wild type cells. These results suggest that cilia formation is not impaired in 

the absence of Tulp3. 

4.7.2 Endogenous Tulp3 localizes to the primary cilium in cultured cells 

Although Tulp3 does not appear to be required for ciliogenesis, it is possible that 

the cellular function of Tulp3 takes place at this organelle. In order to test this, the 

subcellular localization of Tulp3 was analyzed by immunofluorescence in cultured 

NIH/3T3 cells. Cells were grown to confluency, induced to form cilia, and then treated 

with media containing the Hh pathway agonist SAG or with control media. Cells were 

then fixed and stained with Tulp3 and Ac α-tubulin antibodies (Figure 26). In both 

control and treated cells, Tulp3 was observed to localize within the primary cilium. Tulp3 

appeared to be present along the entire length of the axoneme rather than being restricted 

to either the base or the tip. These data suggest that Tulp3 functions at the cilium, and its 

presence along the length of the axoneme implies that it may be trafficked back and forth 

within the cilia compartment. 
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Figure 26. Tulp3 localizes to the primary cilium 

Immunofluorescence staining of NIH/3T3 cells using antibodies to detect Tulp3 (green) 

and Ac α–tubulin (red), and counterstained with DAPI (blue) to visualize nuclei. For Hh 

pathway stimulation, medium was supplemented with 1µM SAG (bottom panels). In 

both control and treated cells, Tulp3 was detected along the ciliary axoneme (arrows). 

Merged images show co-localization of Tulp3 and Ac α-tubulin indicating that Tulp3 is 

present at the cilium. 
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Chapter 5 

Conclusions and Discussion 
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Evidence presented in this thesis demonstrates that the embryonic phenotype 

resulting from disruption of the Tulp3 gene is due to the repressive role that it plays in the 

regulation of the Hh signalling pathway. Loss of this repressive function causes an 

inappropriate activation of the pathway within cells of the neural tube and limbs that are 

not normally exposed to high levels of Shh. Genetic analysis indicated that Tulp3 

functions at a point in the pathway that is independent of Shh. Although the precise 

cellular function of Tulp3 is still unknown, evidence presented here suggests that it 

functions at the primary cilium, an organelle that is tightly associated with the regulation 

of this signaling pathway in embryo as well as in tumours. These results have 

implications in our understanding of the molecular mechanisms behind many congenital 

defects associated with abnormal Shh signaling and those underlying the formation of Hh 

driven cancers. 

5.1 Tulp3 mutants show phenotypes characteristic of deregulated Shh signalling 

5.1.1 Neural tube defects 

Tulp3
-/-

 embryos die during gestation around E14-15 and display severe 

embryonic patterning defects consistent with a role in regulating Shh signalling during 

early embryogenesis. Mutants develop a severely malformed caudal neural tube, as well 

as an incompletely penetrant exencephaly phenotype (see Figures 5 and 10).  Shh 

signalling has been shown to regulate closure of the neural tube by inhibiting the 

formation of dorsolateral hinge points (DLHPs), which are critical for the initiation of 

closure (Ybot-Gonzalez et al., 2002). Thus mouse mutants which show excessive Shh 
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signalling in the neural tube often show characteristic defects in spinal neural tube 

closure, resembling the defects observed upon loss of Tulp3 function (Bulgakov et al., 

2004; Eggenschwiler et al., 2001; Huang et al., 2002). 

5.1.2 Tulp3 and somite patterning 

Tulp3 mutant embryos display a dramatic upregulation of Ptc1 expression in the 

caudal embryo including the somites (see Figure 9). Shh plays an important role in 

patterning the somite; disturbances in this process can have consequences with somite 

derived cell lineages. Shh induces the sclerotome in the vental portion of the somite 

which will give rise to the vertebrae and ribs (Christ et al., 2007). At the same time it 

represses formation of the dermomyotome, which forms dorsally and gives rise to dermis 

and skeletal muscle. Shh
-/-

 embryos show impaired expression of sclerotome genes Pax1, 

Pax9, and Sox9 while the dermomyotome marker Pax3 expands ventrally (Buttitta et al., 

2003; Chiang et al., 1996). Consequently, Shh mutants have severe deficits in sclerotome 

derived tissue including lack of a vertebral column and presence of only a few rib 

primordia (Chiang et al., 1996). Similarly, mutations in Hh pathway components can also 

result in impaired formation of scleretome derived tissues such as ribs and vertebrae, in 

cases where embryos survive long enough such as Gli3
Xt

 and Kif7
-/-

 (Cheung et al., 2009). 

Evidence presented here suggests that Pax3 expression is downregulated while Pax1 

expression appears unaffected through most of the A-P axis, and possibly upregulated in 

the same domain which shows increased Ptc1 expression (see Figures 8 and 9). It is 

possible that expression of other sclerotome genes such as Pax9 and Sox9 are also 
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increased in the differentiating somite, which could lead to the observed axial defects. 

Moreover, Tulp3
hhkr

 mutants were found to display rib and vertebral defects (Patterson et 

al., 2009), indicating improper formation of sclerotome derived tissues.  

5.1.3 Tulp3 is required for proper neural tube D-V patterning 

The caudal neural tube of Tulp3 mutant embryos displayed a dramatic dorsal 

expansion of genes which are normally expressed only ventrally. The floor plate 

transcription factor Foxa2 was found to be expressed in a large domain in the ventral half 

of the neural tube (Figures 11 and 20). Moreover, Shh which is induced by Foxa2 in 

floor plate cells, was also abnormally present in cells dorsal to the floor plate (Figure 

13). The ventral progenitor transcription factors Nkx2.2 and Nkx6.1 were also expressed 

in dorsally expanded domains encompassing the ventral half and ventral ¾ of the D-V 

axis respectively (Figures 13 and 21). Motor neurons normally located just dorsal to the 

V3 domain were also specified in a broad ventrolateral domain (Figures 13 and 21), and 

expression of and dorsal genes Pax6 and Pax7 respectively, was shifted dorsally (Figures 

10, 13 and 21). Together, these data indicate that cells in the neural tube of Tulp3 mutants 

do not express the proper markers their position along the D-V axis would predict. 

Positional information in the ventral neural tube is provided by graded Shh signaling 

from the ventral midline, and Tulp3 mutant cells adopt fates that would be expected of 

cells exposed to higher levels of Shh than their relative D-V position would normally 

indicate, thus causing an apparent expansion of ventral neural cell fates at the expense of 

more dorsal ones. 
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Genetic analysis revealed that excess activation of the Shh signalling pathway in 

Tulp3 mutants is not dependent on Shh. Tulp3/Shh mutants resembled Tulp3 mutants at 

E10.5 and expressed ventral neural markers such as Nkx2.2 and HB9 in similar domain 

to that of Tulp3 mutants. These data suggest that Tulp3 plays a repressive role in the 

pathway which suppresses ligand independent activation of signalling (Figures 20 and 

21). Indeed, loss of Tulp3 can restore many of the morphological defects associated with 

the Shh null phenotype (Figures 20 and 22). Shh
-/-

 embryos display severe defects of the 

ventral midline which manifest as the formation of a single lobed forebrain, a proboscis-

like facial protrusion, and cyclopia (see Figure 23). Tulp3/Shh mutants however develop 

exencephaly, and display a rescue of ventral structures in the rostral neural tube and face 

(Figure 23). In addition, two other studies describing the role of Tulp3 in embryonic Shh 

signalling showed that Tulp3 in fact functions genetically downstream of Shh and Smo, 

but not the cilium (Norman et al., 2009; Patterson et al., 2009). The neural tube 

phenotype of Tulp3/Smo compound mutants resembled the Tulp3
-/-

 phenotype, with 

dorsal expansion of the expression domains of ventral markers, and corresponding 

decrease in expression of dorsal genes. Loss of Kif3a gene function however, suppressed 

the neural tube ventralizing effects of Tulp3 inactivation, suggesting that the function of 

Tulp3 in regulating Hh signalling requires the cilium (Norman et al., 2009). 

5.1.4 Differential requirement for Tulp3 along the A-P axis of the neural tube 

Interestingly, the neural tube patterning and gros morphology at thoracic levels is 

relatively unaffected (see Figures 10, 11 and 14). This is not the result of differential 
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expression of Tulp3 along the neuraxis, since WMISH expression data presented here 

(Figure 8) as well as expression data provided in previous study (Ikeda et al., 2001) 

indicates that Tulp3 is present ubiquitously during neural tube patterning stages. 

Therefore, the functional requirement for Tulp3 in CNS development may be different at 

different levels of the neural tube.  

Although mutations in Ptc1 and Sufu cause a severe ventralisation of the neural 

tube at all A-P levels of the neural tube, loss of other important regulatory factors in this 

pathway, such as PKA, Rab23, and FKBP8 have been reported to result in similar A-P 

specific neural tube patterning defects to those observed in the Tulp3 mutant. FK506 

binding protein 8 (FKBP8) is a member of the immunophilin family of proteins and is 

expressed throughout the embryo including neural tissues during development, in a 

manner similar to that of Tulp3 (Bulgakov et al., 2004). Targeted inactivation of this 

gene, however, results in a severe upregulation of the Shh pathway in the caudal neural 

tube resulting in caudal malformations and patterning defects similar to those described 

here, while the thoracic level appears similarly unaffected (Bulgakov et al., 2004). 

Moreover, FKBP8
-/-

 embryos also show impaired eye development, similar to the Tulp3
-/-

 

phenotype (Figure 6 and 6), and this is accompanied by excess Shh signaling in the optic 

cups which increases the expression domain of Pax2 at the expense of the Pax6 domain 

(Bulgakov et al., 2004). This raises the possibility that altered patterning of the optic cups 

due to ectopic Shh signaling may be the cause of the eye defects observed here. 

Furthermore, FKBP8 was also shown to function independently of Shh, as loss of FKBP8 
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in a Shh mutant background restored formation of ventral cell fates in the caudal neural 

tube, as well as ventral forebrain formation (Bulgakov et al., 2004). In contrast, the limbs 

are not affected by the loss of FKBP8 indicating that this factor does not play a role in all 

Hh responsive tissues, and suggests that although the mutant neural phenotypes are quite 

similar, Tulp3 function may not be directly related to that of FKBP8.  

The open brain (opb
2
) mutant which results from inactivation of the Rab23 

protein also results in a gain of Shh signalling phenotype in the neural tube that is 

remarkably reminiscent of that described here (Eggenschwiler and Anderson, 2000; 

Eggenschwiler et al., 2001; Kasarskis et al., 1998). The caudal and cranial neural tube are 

most profoundly affected by loss of Rab23 function. Moreover, opb
2
 mutants also display 

impaired eye development as well as polydactyly, indicating that the same Shh sensitive 

tissues affected by the absence of Tulp3 are also sensitive to loss of Rab23. Moreover, 

Rab23 was found to repress signaling in a Shh and Smo independent manner, but requires 

the cilum (Eggenschwiler et al., 2001; Kasarskis et al., 1998).  

The reason for these regional differences in the requirement for several negative 

regulators of Shh during neural tube development is not entirely clear. However regional 

differences in the relative roles of Gli2 and Gli3 in neural patterning also exist, raising the 

possibility that Tulp3 and other factors play differential roles in regulating the 

transcriptional activity of Gli2 and Gli3. For example, loss of Gli2 or Gli3 in a Ptc1 

mutant background has different effects in suppressing the constitutive pathway 

activation at different levels of the neural tube (Motoyama et al., 2003). Ptc1
-/-

Gli2
-/-
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compound null embryos display exencephaly and constitutive pathway activation in the 

rostral neural similar to Ptc1
-/-

 mutants, but Shh signalling is largely suppressed in the 

caudal region, indicating that Gli2 transduces the Hh signal at this level of the neural 

tube. Although loss of Gli3 function has no effect on the Ptc1 null phenotype, Gli3-/-

Gli2-/-Ptc1-/- embryos show an overall decrease in Hh signaling along the A-P axis 

suggesting that Gli3 can transduce Hh signalling in the rostral neural tube and brain 

(Motoyama et al., 2003). Moreover, the partial rescue of formation of ventral neural cell 

types by loss of Gli3 in the Smo mutant background was less effective at the caudal level 

(Wijgerde et al., 2002). Therefore, the apparent regional specificity of Tulp3 and other 

pathway inhibitors in the neural tube could reflect a differential role in the modulation of 

Gli2 and Gli3 activity. In support of this, the Tulp3 null phenotype was shown to be 

dependent upon Gli2 function, since the neural tube ventralization was suppressed in 

Tulp3/Gli2 compound mutant embryos (Norman et al., 2009). 

5.1.5 A possible role for Tulp3 in commissural axon guidance 

Development of the central nervous system (CNS) requires the proper specification of 

cell fates, and the establishment of proper neural connections to form the complex 

networks present in the adult. In addition to its well established role as a morphogen that 

patterns neuronal cell types in the ventral neural tube, Shh has more recently been shown 

to play a later role in axon guidance in the spinal cord (Charron et al., 2003). Following 

Shh-mediated patterning, commissural neurons in the dorsal spinal cord send axons 

ventrally toward the floor plate, eventually crossing the midline to form the ventral 
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commissure (Charron and Tessier-Lavigne, 2005). These axons are guided by both 

repulsive and attractive guidance cues; dorsally-derived BMPs act as repulsive signals, 

while floor plate-derived Netrin-1 and Shh attract. Conditional ablation of Smo in the 

dorsal neural tube, and thus any neurons generated therein, results in impaired 

pathfinding of commissural neurons (Charron et al., 2003). Axons derived from Smo
-/-

 

cells often never reached the ventral midline and appeared to “wander” in random 

directions, or inappropriately invade the motor columns (Charron et al., 2003). Moreover, 

the cell surface protein BOC was shown to be essential for this guidance function of Shh 

(Okada et al., 2006). The observation that axons derived dorsally in Tulp3 mutant spinal 

cord also appear to be misdirected (see Figure 15) in the absence of defective D-V 

patterning suggests that Tulp3 may also play a role in this process. This result however 

was not as severe as embryos lacking Smo or Boc described above, nor as severe as 

mutants for Gli2 (which lack the floor plate) or Netrin-1 (Charron et al., 2003). This may 

be due to the fact that these mutants are the result of a loss of Shh signalling activity 

(Smo
-/-

 or Boc
-/-

), or a lack of floor plate derived signals (Gli2
-/-

, Netrin-1
-/-

), while the 

absence of Tulp3 in commissural neurons would not be expected to result in a loss of Shh 

signalling. Rather, it would be of interest to examine whether dorsal neurons are 

misguided due to ectopic expression of Shh, or if neurons lacking Tulp3 are unable to 

respond to an extracellular gradient of Shh in a directed manner. Axon guidance cues 

function through a cytoskeleton remodelling pathway at the axon growth cone which 

does not involve transcriptional modulation. Indeed, the function of Shh in this regard 
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involves a faster, non-canonical signalling pathway that is independent of of the Gli 

transcription factors, but that requires the activity of Src family kinases (Yam et al., 

2009). Thus Shh can also signal via a non-canonical pathway that involves Smo, but not 

Gli in commissural neurons. The point at which these pathways diverge however is not 

clear, but presumably it does not require the cilium, since the function of this organelle in 

canonical Shh signalling involves the modulation of Gli activity. Given that genetic 

evidence has placed Tulp3 function at a step downstream of Smo activation, but 

genetically upstream of the cilium (Norman et al., 2009), it appears that Tulp3 functions 

at a step that could potentially be involved in the regulation of the axon guidance 

response to Shh. In order to analyze this intriguing possibility, it would be interesting to 

culture Tulp3 deficient commissural neurons, and assess whether they are properly 

directed within an extracellular gradient of Shh. 

5.1.6 Tulp3 restrains digit formation in the developing limb 

Tulp3-/- embryos develop preaxial polydactyly, consistent with its role as a 

negative regulator of Shh signalling. This phenotype appears to be due to anterior cells 

adopting an inappropriate posterior identity. This is supported by gene expression data in 

the early limb bud. Loss of Tulp3 causes activation of the Hh pathway (as assessed by 

Ptc1 transcription) throughout the A-P axis of the limb bud, at least in forelimbs (see 

Figures 8 and 16). This is accompanied by anterior expansion of Hoxd13 expression, 

which is normally absent from the anterior portion of the prospective autopod, and a 

concomitant loss of anterior Pax9 expression (Figures 17 and 18). Interestingly Shh 
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expression in the forelimb buds also appears to be altered, as cells expressing Shh do not 

appear to be confined to the posterior margin at E10.5, and in fact cells well outside the 

ZPA were found to express Shh at E11.5. This may also be the result of a general 

upregulation of the Hh pathway throughout the forelimb bud, since a partially rescued 

Ptc1 mutant mouse that survives until E14 and develops severe polydactyly, shows 

ectopic anterior Shh expression, not unlike what is observed here (Milenkovic et al., 

1999). While the hindlimbs also develop extra anterior digits, the mechanism seems to be 

different than in the forelimb. Ptc1 expression appears to be normal in the hindlimb at 

E10.5, and present in an anterior domain at E11.5. Interestingly, ectopic Shh expressing 

cells are also found at the anterior margin of the hindlimb, which suggests that the 

hindlimb polydactyly was the result of an ectopic ZPA, similar to what is seen in mouse 

models that develop Shh-dependent polydactyly (ie, Alx4 mutants).  

These expression data are distinct from those seen in mouse IFT mutants, which 

also develop polydactyly due to a lack of primary cilia. These mutants do not display an 

increase in positive Hh signalling in the limb bud, as there is no increase in either Ptc1 or 

Gli1 transcription (Liu et al., 2005). They do however show an anterior expansion of 

Gli3-regulated posterior genes such as Hoxd11 and Hoxd13, due to a decrease in 

formation of the Gli3 repressor (Liu et al., 2005). Despite the change in expression of 

Gli3-regulated genes in the Tulp3 mutant limb buds, no change in Gli3 expression was 

detected (Figure 20). Furthermore, Tulp3 does not appear to affect the processing of full 

length Gli3 to Gli3R, since mice carrying a point mutation in the Tulp3 gene (hhkr) have 
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a similar Gli3-190:Gli3-83 ratio as wild type litter mates (Patterson et al., 2009). It is 

possible therefore, that Tulp3 regulates the activity of the Gli3 repressor independently of 

effects on its processing.  

 An interesting finding with respect to the limb patterning phenotype was the 

observation that mutants lacking both Shh and Tulp3 develop multiple digits as well as 

two zeugopod elements in both fore- and hindlimbs (Figure 23). This indicates that 

pathway activation due to the lack of Tulp3 can largely compensate for the loss of Shh in 

zeugopod and autopod formation. Surprisingly however, these compound mutants are not 

polydactylous, but instead developed five digits in fore- and hindlimbs. It should be noted 

however, that although five digits form, it does not appear to be a reversion to wild type. 

Although embryonic lethality precludes a thorough analysis of digit formation and 

patterning, the digits formed in compound mutant limbs at E14.5 appear underdeveloped 

compared to wild type (Figure 23). These data imply that the Tulp3
-/-

 limb phenotype is 

not entirely independent of Shh, and although deleting Tulp3 in the Shh null background 

can partially restore limb formation, the development of additional preaxial digits appears 

to require ectopic Shh expression. This is also supported by the expression of Ptc1 in 

compound mutant limb buds (Figure 24). Although Ptc1 is expressed independently of 

Shh in these embryos, its expression is greatly reduced compared to Tulp3 mutants, and 

even to wild type limb buds. Embryos containing two copies of an engineered form of 

Gli3 that cannot be processed into its repressor form (Gli3
P1-4/P1-4

), express low levels of 

Gli1 in a Shh mutant background (Shh
-/-

Gli3
P1-4/P1-4

) similar to what is seen here with 



 

135 

 

Ptc1 expression (Wang et al., 2007). These observations therefore also support a role for 

Tulp3 specifically in the function of Gli3R, although the nature of this relationship in not 

known.  

5.2 The role of Tulp3 in the Hh pathway 

The discovery that Tulp3 plays a major repressive role in the regulation of 

embryonic Hh signalling places this factor amongst the rapidly growing list of regulatory 

factors in the Hh pathway. Over the past few years it has become increasingly clear that 

the precise regulation of cellular responses to external Hh ligands is significantly more 

complicated than previously recognized. Perhaps most notably, the association of 

proteins involved in transport of vesicles, and in the formation and function of primary 

cilia illustrates the intimate relationship between the molecular regulation of 

developmental signalling cascades and these basic cellular processes not previously 

appreciated as playing precise roles in embryogenesis. The phenotype of Tulp3 mutants 

is remarkably similar to a handful of other negative regulators of Hh signalling, some of 

whose precise functions are also relatively unclear.  Loss of function of PKA, for 

example, also results in defects of the caudal neural tube quite similar to those described 

here for Tulp3 (Huang et al., 2002). The caudal neural tube of these embryos develops a 

similar dilated morphology and upregulation of Shh target genes, and this is likely a 

result of loss of phosphorylation of Gli2 and Gli3. A connection between PKA function 

and Tulp3 is not evident, since activity of PKA was found to be unaffected in hhkr 

mutant embryos (Patterson et al., 2009). The possibility exists however, that Tulp3 
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function may be affected by PKA phosphorylation, although this remains to be 

determined. 

5.2.1 Possible relationship with Rab23 

Among known negative regulators of embryonic Hh signalling, the Tulp3 null 

phenotype appears strikingly similar to that of Rab23, raising the possibility that their 

functions in the pathway may be linked (Eggenschwiler et al., 2001; Kasarskis et al., 

1998). Although Tubby proteins have been suggested to act as transcriptional regulators, 

no difference in expression of Rab23 was seen in hhkr mutants indicating that Tulp3 

does not affect the expression of Rab23. The possibility remains however that their 

functions could be linked in another manner.  

An interesting consideration is the proposed function of the C. elegans tubby 

homolog Tub-1. Like in mammals, Tub-1 is involved in fat storage in C elegans, as tub-

1 mutants show an increase in fat storage (Ashrafi et al., 2003). Moreover, Tub-1 was 

found to physically interact with and repress the activity of RBG-3, a RabGTPase 

activating protein that acts upon Rab-7 (Mukhopadhyay et al., 2005; Mukhopadhyay et 

al., 2007).The regulation of Rab protein activity is primary through the opposing 

activities of guanine nucleotide exchange factors (GEFs) and GTPase activating proteins 

(GAPs), which regulate the cycle between the inactive GDP-bound form of Rab and the 

active GTP-bound form. GEFs physically exchange a GDP for a GTP, converting an 

inactive Rab to an active one, while GAPs stimulate the inherently slow GTPase activity 

of the Rab protein, thus converting the active form to the inactive form. Thus, Tub-1 in 
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C elegans influences the activity of the Rab protein Rab-7 by inhibiting its 

corresponding GAP. This raises the intriguing possibility that Tulp3 functions in an 

analogous manner in the Hh pathway, by regulating the activity of Rab23 through its 

corresponding GAP, and thus the loss of Tulp3 function would be predicted to result in 

the accumulation of inactive, GDP-bound Rab23. Moreover, this association would also 

be predicted to be influenced by Hh signalling, such that activation of Smo would 

disrupt Tulp3 function and allow activation of the pathway. This possibility is illustrated 

in Figure 27. Although the assignment of all mammalian Rabs to their corresponding 

GAP is far from comprehensive, Ecotropic viral integration site 5-like (Evi5l) was 

identified using cultured human cells which showed remarkable specificity in 

stimulating the GTPase activity of Rab23. Although a loss of function model in cells or 

in mice has not been reported for this factor, it will certainly be interesting to test the 

hypothesis that Evi5l could play a role in the Hh pathway, and that this could be in 

conjunction with Tulp3.  

5.2.2 Tulp3 and the primary cilium 

Although the precise cellular role of Tulp3 and how it relates to the Hh pathway is 

unclear several observations suggest that its function involves the primary cilium. 

Evidence presented here (Figure 26) and elsewhere (Norman et al., 2009) has shown that 

Tulp3 localizes to the primary cilium in cultured cells.  Despite the observation that 

Tulp3 is not required for ciliogenesis, as Tulp3
-/-

 embryos appear to form normal nodal 

cilia (Patterson et al., 2009) and primary cells derived from Tulp3 mutant embryos form 
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Figure 27. Tulp3 and Rab23 in Hh signalling 

Scehmatic representation of the proposed possibility of relationship between Tulp3 and 

Rab23. Loss of Rab23 function results in a pathway activation phenotype similar to loss 

of Tulp3 function. The activity of Rab23 could be controlled by a RabGAP whose 

activity is influenced by Tulp3. Thus, loss of Tulp3 activity would be expected to shift 

the balance towards the inactive, GDP-bound form of Rab23. 
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cilia (Figure 25), its presence at the cilium suggests that it may be involved in ciliary 

function. Thm1 (tetratricopeptide repeat containing hedgehog modulator-1), the mouse 

homolog of the IFT complex A protein IFT139 is another repressor of Hh signalling in 

the embryo. Unlike complex B IFT mutants however, Thm1 mutants display an activated 

Shh pathway in the neural tube, and a phenotype somewhat similar to that of Tulp3. In 

these mutants, cilia formation was not disrupted, but retrograde ciliary transport was 

specifically compromised resulting in the accumulation of IFT particles at the distal cilia 

tip and causing abnormal cilia morphology. A role for Tulp3 in the regulation of 

retrograde IFT however is unlikely since no apparent difference in IFT88 localization 

was evident in hhkr cells (Patterson et al., 2009).  

Although Tulp3 is the only tubby member shown to play a role in Hh signalling 

or embryonic development, Tub and Tulp1 have both been suggested to play roles in 

transport of rhodopsin in photoreceptors via the connecting cilium. Thus it is possible that 

the coupling of Tubby proteins and cilia reflects an important role for these proteins in 

the regulation of cilia function. Interestingly, evidence in support of this notion also 

comes from human inherited disorders. Bardet-Biedl syndrome (BBS) is a pleiotropic 

condition characterized by obesity, retinal degeneration, renal dysfunction, and 

polydactyly (Beales, 2005), phenotypes which overlap with the collective phenotypes of 

the Tubby, Tulp1 and Tulp3 mutant mice. The etiology of BBS has been linked to deficits 

in primary cilia function, and several BBS proteins have been shown to reside in a 

complex (the BBSome) associated with, and regulate the formation of the ciliary 
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membrane  (Ansley et al., 2003; Nachury et al., 2007). Mouse knockout models of 

several BBS genes have also recapitulated some of the BBS associated phenotypes; 

BBS2 null mice become obese and develop retinal degeneration accompanied by 

impaired rhodopsin transport through the connecting cilium (Nishimura et al., 2004). 

Together, these observations suggest that impaired cilia function and impaired tubby 

protein function can result in similar phenotypes in certain contexts, and that their 

functions in these cases may be linked. The association between Tubby proteins also 

appears to be evolutionarily conserved, as C elegans which lack the Hh pathway, 

expresses Tub-1 in ciliated neurons (Mukhopadhyay et al., 2005). Moreover, Tub-1 

undergoes both anterograde and retrograde ciliary transport in these neurons 

(Mukhopadhyay et al., 2005). The localization of Tulp3 to the cilia base, tip and along 

the axoneme (Norman et al., 2009) indicates that Tulp3 also undergoes ciliary transport. 

These observations suggest that the function of Tubby proteins is evolutionarily ancient, 

and that Tulp3 became associated with the Hh pathway upon coupling of this pathway to 

cilia. 

5.2.3 Perspectives on previously suggested roles for Tulp3 and the tubby proteins 

Based on this new evidence for a role of Tulp3 as a negative regulator of Hh 

signalling in the mouse, it appears unlikely that it functions as a GPCR regulated 

transcription factor as previous studies have suggested, in vivo. No evidence for a change 

in expression of known negative regulators of Shh signalling was apparent in the absence 

of Tulp3 function, arguing against a requirement for Tulp3 in the expression of one or 
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more of these factors (Patterson et al., 2009). Still an interesting possibility however is 

the regulation of Tulp3 function by GPCR related signalling. Smo is a 7 transmembrane 

domain containing protein related to GPCRs, and recent evidence has shown that factors 

involved in the regulation of GPCR function, such as β–arrestins (βarr) and GPCR 

kinases (GRK) also regulate the acivity of Smo (Kovacs et al., 2009). βarrs typically 

associate with activated GPCRs and mediate receptor sensitization and endocytosis, and 

this process depends on receptor phosphorylation by GRKs (Kovacs et al., 2009). 

Although the role of Smo as a classical GPCR remains controversial, evidence has 

emerged that Smo activity is mediated by GRK2 and βarr2 (Chen et al., 2004b; Kovacs et 

al., 2008; Wilbanks et al., 2004). Moreover, Smo translocation to the cilium and 

subsequent Gli activity upon Hh pathway stimulation requires βarr activity in a complex 

with Smo and Kif3a (Kovacs et al., 2008). These data therefore raise the possibility that 

the observed regulation of Tulp3 by GPCR signalling is in fact related to its activity 

downstream of Smo. It will be important to explore what factors involved in GPCR 

signalling can affect Tulp3 activity. Such factors may be important not only for 

embryonic patterning but may have implications for control of Tulp3 function in the 

adult. 

5.3 Implications in cancer 

The involvement of the Hh pathway in the development and maintenance of tumours 

has recently received a great deal of attention. Mutation in key pathway components such 

as Ptc, Smo, SuFu, and Gli can result in a constitutively activated pathway and contribute 
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to oncogenesis. Recently many additional regulatory factors have been discovered that 

play crucial roles in modulating the cellular response to Hh downstream of Smo in the 

embryo. The primary cilium, which plays a critical role in the Hh pathway by both 

promoting and repressing signalling through the regulation of both Gli activator and 

repressor forms, has been recently shown to be involved in Hh signalling tumour cells 

(Han et al., 2009; Wong et al., 2009). Depending on the mutation resulting in Hh pathway 

activation driving these tumours, loss of primary cilia has opposing roles. Tumours 

driven by a constitutively active Smo (SmoM2) require the primary cilium, and genetic 

removal of cilia reduces their growth (Han et al., 2009; Wong et al., 2009). Cancers 

driven by activating Gli2 mutations however exhibit accelerated growth when cilia are 

disrupted (Han et al., 2009; Wong et al., 2009). It is highly likely that other regulatory 

factors identified in the developing embryo such as Tulp3, will also prove to play pivotal 

roles in Hh-dependent tumourigenesis and may be useful diagnostic or therapeutic targets 

in these cancers.  

Medulloblastoma is a particularly aggressive childhood tumour of the cerebellum, 

and BCC is the most common cancer in North America (Epstein, 2008; Gilbertson and 

Ellison, 2008). Both of these cancers have been shown to occur as a result of aberrant Hh 

signalling. In fact, Hh pathway blockade by treatment with a specific SMO inhibitor 

(GDC-0449) is starting to be evaluated in the treatment of both of these diseases (Rudin 

et al., 2009; Von Hoff et al., 2009). Although use of the SMO inhibitor has given 

promising results in BCC patients, the one metastatic medulloblastoma patient treated 
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with the drug showed a dramatic decrease in tumour burden, but resistance to the drug 

developed quickly due to a point mutation in the SMO gene that abolished drug binding 

but did not interfere with pathway activation (Rudin et al., 2009; Yauch et al., 2009). 

These results indicate that these cancers, for which effective specific treatments do not 

exist, can be targeted by blocking Hh signalling. However, as the medulloblastoma case 

illustrates, further mutations in SMO that interfere with drug action can abolish the 

effects of the drug. Importantly, this also raises the issue that any mutations that activate 

signalling independently of SMO will likely reactivate the pathway, and SMO inhibition 

will have no effect. Thus, our results will be of great interest and importance in the 

treatment of cancers involving an activated Hh pathway such as BCC and 

medulloblastoma. Tumours harbouring Tulp3 mutations that decrease or abolish its 

activity would not be responsive to drugs that block SMO activity, and thus Tulp3 status 

may be a useful indicator of tumour response to a particular treatment.  

5.4 Concluding remarks 

The discovery that Tulp3 plays a unique role in the regulation of Hh signalling 

places it amongst a number of recently identified factors which play key roles in 

regfulating this pathway in the embryo and in the adult. Moving forward, this finding has 

a number of implications that merit further exploration. Because of the widespread 

expression of Tulp3 and the embryonic lethality of Tulp3 null mutants, the generation of 

a conditional allele is critical. This will enable genetic dissection of the role of Tulp3 in 

cells contributing to development of the limbs and CNS. Also, a conditional mutant will 
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importantly allow definition of the role of Tulp3 in adult tissues where Hh signalling is 

known to play a role in the development of cancer. In this regard it will be important to 

explore the factors which control the expression and activity of Tulp3, and those factors 

that rely on Tulp3 activity. These efforts may lead to strategies for activating Tulp3 

function, or mimicking it in tumours which arise as a result of uncontrolled Hh pathway 

activation. Finally, the relationship between Tulp3 and Rab23 suggests that other Tubby 

proteins may also participate in a similar relationship in other contexts, for example in 

rhodopsin transport in photoreceptors. Investigating the roles of other Tubby proteins in 

cilium based signalling and transport will be a productive way to extend the important 

findings reported in this thesis. 
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