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ABSTRACT 

 Sonic hedgehog (Shh) is a signaling molecule that is involved in patterning the 
embryo and regulates adult stem cell homeostasis. Patched1 (Ptch1) is the receptor for 
Shh and upon binding to Shh is endocytosed, allowing downstream signaling to occur. 
Ptch1 is critical to the cellular response to Shh because it is both a negative regulator of 
the Shh signaling pathway and a transcriptional target of the pathway. Therefore, the 
regulation of Ptch1 levels will directly affect the ability of cells to respond to Shh. 
Understanding this process requires the characterization of novel Ptch1-interacting 
proteins that regulate Ptch1 levels in the cell. This thesis investigated a role for the 
adapter protein Tom1 as a putative Ptch1-interacting protein involved in regulating Ptch1 
levels through endocytic cycling. It was found that Tom1 overexpression did not regulate 
the patterning of vertebrate nervous system, but did play a role the sub-cellular 
localization of Ptch1.  
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CHAPTER 1: INTRODUCTION  

A central question in developmental biology is how various cell types arise and 

become organized in precise spatial arrangements, such as those found in the central 

nervous system (CNS). The formation of distinct cell types during embryogenesis is 

highly dependent upon the precise spatio-temporal control of evolutionarily conserved 

signaling molecules. These include those from the transforming growth factor ß (TGF-ß) 

superfamily, the Wnt family and the hedgehog (Hh) family. Furthermore, these signaling 

molecules continue to be expressed in the adult, and can have diverse effects on their 

target cells depending on the context of the receiving cell. We are now starting to 

understand some of the molecular mechanisms that direct these diverse effects within 

cells, but uncovering novel regulators will be important for ultimately understanding how 

cells receive and interpret these extracellular signals. 

 

The Sonic Hedgehog Signaling Molecule 

 Shh is a Regulator of Developmental Patterning 

In Drosophila there is only one Hh protein, while in vertebrates there are three 

members of the Hh signaling family; Sonic hedgehog (Shh), Indian hedgehog and desert 

hedgehog. However, Shh is the best studied, and is the main Hh signaling protein in the 

nervous system. Shh is involved in the development of many organs and systems 

including the gut, pancreas, and the CNS. It also plays a vital role in the patterning of the 

CNS, the limb skeletal elements and digit identity. Furthermore, Shh has been shown to 

regulate cell proliferation and axon guidance and is involved in maintenance of adult 
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stem cells (Rowitch et al., 1999; Kenny et al., 2003). Shh acts as a proliferation-inducing 

agent, and as a result activating mutations in the Shh pathway can cause cancer. Indeed 

aberrant Shh signaling is observed in approximately 20% of cancers (Kar et al., 2012). 

The receptor for Shh is called Patched1 (Ptch1), and it acts as a negative regulator of 

the pathway. In this way, it also acts as a tumor suppressor in cancers that are caused by 

excess Shh signaling. Furthermore, inactivating mutations in the Ptch1 gene are well 

known to cause cancer. Two of the most notable cancers caused by mutations in Ptch1 

are basal cell carcinoma, the most common form of skin cancer in the Western world, and 

medulloblastoma, a malignant cancer that affects the developing cerebellum (Lindstrom 

et al., 2006; Slade et al., 2010). Indeed the targeting of Ptch1 by therapeutics is an active 

area of research into the treatment of cancer (Nakamura et al., 2012). Identifying novel 

regulators of Ptch1 will enable us to better understand and manipulate Shh signaling in 

the case of disease. 

Shh is considered to be a morphogen. Famously described by Louis Wolpert, a 

morphogen is “a signaling molecule that acts directly on cells to produce specific cellular 

responses dependent on its concentration” (Wolpert, 1969). Therefore, the concentration 

of the morphogen is thought to provide positional identity to its receiving cells. In the 

case of Shh patterning the ventral nervous system, cells that are closest to the source 

receive highest concentrations of Shh and develop into one cell type. Similarly those that 

are further away from the signal receive lower amounts of Shh and develop into a 

different cell type (Figure 1). This pattern of cellular differentiation leads to the 

development of several distinct cell types based on the perceived level of Shh signaling  
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FIGURE 1. Progenitor domains induced by Sonic hedgehog (Shh) in the ventral 
neural tube. Left, Shh released from the notochord diffuses through the ventral neural 
tube and patterns ventral progenitor domains in a concentration dependent manor. Right, 
Schematic of transcription factor expression in progenitor domains. Nkx2.2 marks the V3 
progenitor domain, while Olig2 specifically marks the MN progenitor domain. Pax6 
marks all ventral progenitor domains except for the V3 and flooorplate progenitors.  
Floorplate (FP). V3 interneuron progenitors (V3), Motoneuron progenitors (MN), V2 
interneuron progenitors (V2), V1 interneuron progenitors (V1), V0 interneuron 
progenitors (V0), notochord (N). Adapted from “ Regulatory pathways linking progenitor 
patterning, cell fates and neurogenesis in the ventral neural tube” by J. Briscoe and B. 
Novitch, 2008, Phil. Trans. R. Soc. B., 363, p. 58. 
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However, this model is too simplistic and does not take into account several key 

problems. Shh is highly conserved from flies to humans where there is a large difference 

in size and cell number between embryos. Remarkably, patterning of tissues is 

maintained despite these differences. Furthermore, Hh binding proteins, including Ptch1, 

are largely responsible for shaping the extracellular Hh gradient (Ribes and Briscoe, 

2009; Beachy et al., 2010). Adding further complexity, in addition to Shh concentration, 

the amount of time cells are exposed to Shh is critical for proper patterning of the 

vertebrate nervous system (Jeong and McMahon, 2005; Dessaud et al., 2007). These 

findings all suggest that receiving cells are not passive recipients of the Shh signal, but 

instead play an active role in establishing and interpreting the Shh gradient.  

 

Shh Patterns Ventral Progenitor Domains in the Vertebrate Neural Tube 

Vertebrate Shh signaling has been most intensely studied in the developing nervous 

system. Shh released from the notochord (a rod of embryonic mesoderm underlying the 

neural tube) patterns the ventral half of the neural tube in a concentration dependent 

manner (Ecricson et al., 1997; Briscoe et al., 1999; Matise and Wang, 2011). Shh 

diffusing from the notochord induces the floorplate (fp) which then also begins to release 

Shh. Floorplate released Shh induces the establishment of ventral progenitor domains. 

These are distinct domains of progenitor cells each characterized by the expression of a 

specific combination of homeodomain transcription factors. From ventral to dorsal the 

progenitor domains are: V3 interneurons, motoneurons, V2 interneurons, V1 interneurons 

(Figure 1). Each of these domains can be visualized using antibodies against domain 

specific transcription factors (Figure 1). Given the well-defined progenitor domains that 
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develop in response to graded Shh signaling the developing neural tube is an ideal system 

to study Shh signaling dynamics.  

 

Shh in the Cerebellum  

In addition to effects on patterning, Shh has a well-known role in regulating 

proliferation. This is best exemplified by Shh induced cerebellar granular neuronal 

precursor (CGNP) proliferation in the developing cerebellum. Shh diffusing from 

Purkinje cells causes the expansion of the CGNP pool in the rostral rhombic lip (Vaillant 

and Monard, 2009). These expanded precursors then migrate to the external granular 

layer where they further proliferate in response to Shh signaling. The CGNPs continue to 

migrate past the molecular layer and Purkinje cells to their final location, which is the 

internal granular cell layer (Vaillant and Monard, 2009). Shh is thought to induce 

proliferation primarily by upregulating the expression of the protooncogene n-Myc 

(Kenney et al., 2003). 

Purkinje cells continue to express Shh in the adult cerebellum as well as 

downstream components of Shh signaling, including Ptch1 and the co-receptor 

smoothend (Smo). Interestingly, in the adult rat cerebellum Ptch1 and Smo localize to the 

dendritic spines, endosomes, and autophagosomes (Petrolia et al, 2012). While the 

significance of this localization in unknown, it suggests that the subcellular localization 

of the Shh pathway components is important for the biology of certain cell types in the 

adult brain. However, it is unknown how cells receive and interpret Shh differently 

during development and the adult such that overproliferation and cancer do not occur. 
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 Modification of the Shh Protein 

 Full length Shh protein is a 45kD protein. The carboxyl terminus (C-terminus) 

catalyzes the cleavage of Shh creating a biologically active 22kD amino terminal (N-

terminus) domain and a 25kD C-terminal domain with no known role in signaling. 

Concurrent with cleavage, a cholesterol moiety is added to the C-terminus of the N-

terminal domain, while the N-terminus is S-palmitoylated by the enzyme hedgehog 

acyltransferase (Porter et al., 1996; Lewis et al., 2001; Buglino and Resh, 2008; Dennis et 

al., 2012). These modifications are important for the secretion, spread and activity of Shh. 

In particular, cholesterol is important in determining the Shh extracellular gradient size 

and shape (Caspary et al., 2002; Ma et al., 2002; Tian et al, 2004). Secretion of modified 

Shh from the cell requires Dispatched-1, a transmembrane protein that is functionally 

related to Ptch1. Furthermore Ptch1 has an active role in removing cholesterol modified 

Shh from Shh producing cells (Etheridge et al., 2010).  

 

Downstream Shh Signaling Cascade 

 Shh binds to its receptor Ptch1. Ptch1 is a twelve pass transmembrane receptor, 

found at the cell surface. Ptch1 is thought to have a dual role in Shh signaling. It 

functions to transduce Shh intracellularly, but Ptch1 also sequesters Shh and prevents 

excess spread through the extracellular matrix (Torroja et al., 2004; Matise and Wang, 

2011). Unbound Ptch1 acts as a negative regulator of the Shh signaling pathway by 

inhibiting the G-protein related transmembrane protein Smo (Rohatghi et al., 2007). Smo 

is the effector of the Shh signaling pathway, and upon binding of Shh 
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FIGURE 2. Shh signaling in vertebrate cells. (A) In the absence of Shh, Ptch1 inhibits 
the localization of Smo to the primary cilium through a poorly defined mechanism. The 
absence of Smo at the cilium causes Gli activator (GliA) to be proteolytically cleaved 
into its repressor form (GliR). (B) Shh binding to Ptch1 causes the removal of Ptch1 from 
the base of the primary cilium allowing Smo translocate there and prevent the cleavage of 
GliA allowing it to activate Shh responsive genes, including Ptch1. Adapted from 
“Pattern formation in the vertebrate neural tube: a sonic hedgehog morphogen-regulated 
transcriptional network” by E. Dessaud, A. McMahon, and J. Briscoe, 2008, 
Development, 145, p. 2490. 
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to Ptch1, Smo is derepressed and translocates to the cell surface allowing it to activate 

downstream target genes (Figure 2; Zhu et al., 2003; Wang et al., 2009). When activated, 

Smo prevents the processing of glioma associated oncogenes (Gli) zinc finger 

transcription factors into their repressor forms (Figure 2). In Drosophila, Smo only 

regulates the zinc finger transcription factor cubitus interruptus (Ci), but in vertebrates 

there are three homologues to Ci; Gli1, Gli2 and Gli3. Gli1 and Gli2 are primarily 

responsible for the activation of Shh target genes, while Gli3 primarily acts as a repressor 

of Shh signaling (Stamataki, 2005). Shh target genes include the transcription factors 

Olig2, Nkx2.2, Pax6 and Ptch1 (Figure 1). Since Ptch1 is both a negative regulator and a 

target of Shh signaling it plays an important role in interpreting the cellular response to 

Shh. 

 

The Patched1 Receptor in Shh Regulation 

Ptch1 Controls Shh Signaling 

The Ptch1 protein is highly conserved from Drosophila to humans. It is 

characterized by two large extracellular loops, a sterol sensing domain (SSD) and a C-

terminal intracellular domain (Figure 3; Jenkins et al., 2009). The two large extracellular 

loops are responsible for binding Shh, while the C-terminus mediates the turnover of 

Ptch1 (Brisco et al., 2001; Lu et al., 2006). The C-terminus is also predicted to mediate 

the formation of Ptch1 homotrimers and has a PPXY motif that binds to the E3 ubiquitin 

ligases Smurf2 and Nedd4 (Lu et al., 2006; Kawamura et al., 2008).  

The SSD is composed of the intracellular domains of transmembrane domains 2-

6. Mutations in the SSD abolish Ptch1 inhibition of Smo and cause Ptch1 to accumulate  
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FIGURE 3. Schematic diagram of wild-type Ptch1 and Ptch1Wig protein domains. 
(A) Wild-type Ptch1 showing 12 transmembrane domains, two large extracellular loops, a 
sterol sensing domain (SSD), and a C-terminal domain. The two extracellular loops bind 
Hh, and the C-terminal domain is important for Ptch1 turnover. The SSD forms from 
transmembrane domains 2-6 and is thought to be important for transporting a small 
molecule across the membrane and may be important for endocytic cycling. (B) The 
Patched1Wiggable (Ptch1Wig) mutant is prematurely truncated after the 7th transmembrane 
domain. Therefore it is missing the C-terminal domain that regulates its turnover. It is 
unknown if it is still able to bind Hh but does have an intact SSD. Adapted from “ 
Hedgehog signaling: Emerging evidence for non-canonical pathways” by D. Jenkins, 
2009, Cellular Signaling, 21, p. 1028. 
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in endosomal structures. This suggests it may mediate endocytic sorting of Ptch1 (Strutt 

et al., 2001; Martin et al., 2001). Interestingly, this region bears sequence similarity to the 

sterol-sensing domain in the Neimann-Pick Disease Type C1 (NPC1) protein. Originally 

identified by mutations that cause Neimann-Pick Disease Type C this protein is involved 

in intracellular cholesterol trafficking (Scott and Ioannou, 2004). Like Ptch1, NPC1 

forms homotrimers and when co-expressed both proteins co-localize extensively in late 

endosomes (Incardona et al., 2000a). Ptch1 also seems to be involved in cholesterol 

transport and causes cholesterol efflux from cells (Bidet et al., 2011).  

The exact mechanism of how Ptch1 controls Smo activation is unknown. What is 

known is that Ptch1 inhibits Smo sub-stoichiometrically, which suggests that there is no 

physical interaction between Ptch1 and Smo (Taipale et al., 2002). Furthermore, the ratio 

of Shh bound to unbound Ptch1, rather than the absolute levels, is more important for 

controlling Smo activation (Casali and Struhl, 2004). Smo localization to the plasma 

membrane is critical for its function. In Drosophila, localization of Smo to the plasma 

membrane seems to be necessary and sufficient for pathway activation (Zhu et al., 2003). 

In vertebrates, Shh signaling takes place at the primary cilium, a single protrusion found 

on nearly every cell (Figure 2; Corbit et al., 2005; Rohatgi et al., 2007). Indeed Smo and 

other downstream components of Shh signaling localize to the primary cilium upon 

pathway activation (Rohatgi et al., 2007; Wilson et al., 2009). Ptch1 localizes to the base 

of the primary cilium until it is bound by Shh, causing its internalization and removal 

from the cell surface (Figure 2; Rohatgi et al., 2007).  

Ptch1 is thought to prevent Smo localization to the primary cilium by controlling 

the flow of a small molecule across the plasma membrane. The identity of this molecule 
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is not known but Shh pathway can be activated by cholesterol derivatives including 20-

αhydroxycholestrol (Stanton and Peng, 2009). Indeed, binding of Shh to Ptch1 inhibits 

cholesterol efflux and causes Smo accumulation at the plasma membrane; however, this 

is not sufficient for pathway activation in vertebrates (Bidet et al., 2011). Together this 

suggests controlling levels and subcellular localization of Ptch1 within the cell is 

important for Smo activation and therefore downstream Shh signaling. 

 

The Patched1Wiggable Mutant 

 Through an ENU (N-ethyl-N-nitrosourea) mutagenesis screen, our group 

identified a novel Ptch1 mutant named Patched1Wiggable (Ptch1Wig).  Ptch1Wig is the result 

of a single point mutation located in the 15th intron of Ptch1 genomic DNA, causing an 

alternate splice acceptor site, a seven base pair insertion, and ultimately a premature 

truncation of the C-terminus after the 7th membrane-spanning domain (Figure 3). This 

partially interferes with the second large extracellular loop of Ptch1, which is involved in 

the binding of Shh, rendering it unknown whether Shh is able to bind to Ptch1Wig. While 

Ptch1 null mutants are lethal and embryos die at approximately E9.5 days in mice, 

Ptch1Wig mutants live until E11.5 or E12.5. This suggests that Ptch1Wig maintains some 

functionality through its N-terminus.  Ptch1Wig embryos are larger than wild-type 

embryos of the same stage, indicating this mutation results in overproliferation. In 

addition, they have highly disorganized craniofacial structures, vasculature, and ectopic 

ganglia (unpublished data). Of note, Ptch1Wig does have an intact SSD, however it is 

unknown if it is functional. Given that the Ptch1 C-terminus mediates Ptch1 turnover, 
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Ptch1Wig is expected to be more stable than wild-type Ptch1 (Lu et al., 2006, Kawamura 

et al., 2008). 

 

The Role of Endocytosis in Shh Signaling 

Receptor-mediated endocytosis is the process by which cells internalize ligand-

receptor complexes. Cell surface receptors are commonly targeted for endocytosis by the 

addition of an ubiquitin moiety (Figure 4; Schwartz and Patrick, 2012). This causes the 

recruitment of endocytic machinery, the creation of a clathrin coated pit and the 

invagination and eventual scission from the plasma membrane by dynamin (Sigismund et 

al., 2012).  

Once internalized the resulting endosome travels through the endocytic pathway. 

It first matures into a sorting or early endosome that can be marked by the protein Rab5 

(Rink et al., 2005). From here cell surface receptors can be recycled back to the plasma 

membrane, often by the removal of the ubiquitin by deubiquitinating enzymes (DUB), or 

they can be targeted for degradation (Sigismund et al., 2012). Endosomes targeted for 

degradation mature into a late endosome or multivesicular body (MVB) marked by the 

protein Rab7 (Figure 4). Once the endosomes lose Rab5 and acquire Rab7 they are 

competent for fusion with the lysosome, which is filled with acid hydrolase enzymes that 

nonspecifically degrade the receptor-ligand complex (Figure 4; Rink et al., 2005). 

 From very early on it was noted that Hh accumulated in punctate structures 

throughout the cell (Tabata and Kornberg 1994; Capdevila et al., 1994). Later it was 

determined that binding of Hh to Ptch1 causes dynamin-mediated endocytosis of the  
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FIGURE 4. Endocytic cycling of cell surface receptors. Cell surface receptors are 
ubiquitinated by the action of ubiquitin activating, conjugating and ligating enzymes (E1, 
E2, E3 respectively) causing endocytosis. The resulting endosome matures into the early 
or sorting endosome, which can be marked by the protein Rab5. From here the ubiquitin 
moiety can be removed by deubquitinating enzymes (DUB) and receptors via the 
recycling endosome are returned to the cell surface. Alternatively, the early endosomal 
membrane invaginates and matures into a multivesicular body and is marked by the 
protein Rab7. The multivesicular body then fuses with the lysosome for degradation. 
Adapted from “Ubiquitin dependent endocytosis, trafficking and turnover of neuronal 
membrane proteins” by L. Schwartz and G. Patrick, 2012, Molecular and Cellular 
Neuroscience,49, p. 388.  
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complex in Drosophila as well as in vertebrates (Capdevila et al., 1994; Torroja et al., 

2004, Incardona et al. 2000b). In contrast to most cell membrane receptors, when Ptch1 is 

overexpressed in cells, it is constitutively endocytosed with the majority of the protein 

localizing to late endosomes or lysosomes (Incardona et al., 2000; Gallet and Therond, 

2005). In the presence of Smo, however, Ptch1 localizes more frequently to the cell 

surface and endocytosis is markedly reduced (Incardona et al., 2002; Gallet and Therond, 

2004). Upon binding of Shh to Ptch1, both proteins are rapidly endocytosed and targeted 

to the lysosome for degradation in both vertebrate and invertebrate systems (Incardona et 

al., 2002). 

Evidence suggests that endocytosis and endocytic cycling of Ptch1 is important 

for Hh signaling. Removal of Ptch1 from the plasma membrane by endocytosis is 

important for the concomitant increase in Smo localization to the plasma membrane 

(Denef et al., 2000). Torroja et al. (2004) found that blocking dynamin-mediated 

endocytosis of the Ptch1-Hh complex in the Drosophila wing imaginal disc inhibited the 

ability of Ptch1 to sequester Hh causing activation of target genes further away from the 

source than normal (Ingham and McMahon, 2001; Gallet and Therond, 2004). However 

inhibiting endocytosis or degradation of the Ptch1-Shh complex did not affect Shh target 

gene activation (Torroja et al., 2004). This suggests that the Hh signaling in Drosophila is 

conferred at the membrane and is not affected by endocytic cycling. 

 In contrast to Hh signaling in Drosophila, in vertebrates endocytic cycling seems 

to be required for proper Shh signaling. The lysobisphosphatidic acid (LBPA) antigen 

localizes to late endosomes, and incubation of cells with an anti-LBPA antibody disrupts 

late endosomal morphology and protein sorting. Incardona et al (2002) found that 
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incubating chick neural plate explants with anti-LBPA antibody impaired the ability of 

Shh to repress Pax7 gene transcription and induce Islet-1 and -2 transcription, which are 

targets of Shh signaling. This suggests that protein sorting in the late endosome has a 

pivotal role in Shh signaling. Despite these findings, our understanding of the regulators 

of Ptch1 and Shh endocytic cycling remains rudimentary.  

 

Endocytic Regulation of Signaling and Target of Myb1  

Endocytic Cycling and Signaling  

It is estimated that over 30% of our genes are involved in the endocytic pathway, 

reflecting the importance of this process to cellular homeostasis (Wang et al., 2010). 

Previously thought to be quite simplistic, the endocytic pathway is proving to be 

important for many processes including cell signaling. Receptor mediated endocytosis 

was traditionally thought of as a means to attenuate signaling whereby removal from the 

cell surface ended signal transduction (Sigismund et al., 2012). However, mounting 

evidence indicates that endocytosed ligand and receptor can still be bound and actively 

signaling from within the cell (Wiley and Burke, 2001; Wang et al., 2004; Sigismund et 

al., 2008;). This suggests that the rate of endocytic cycling and degradation can have an 

effect on the duration of the signal and thus the cells interpretation of the strength of the 

signal. This has been demonstrated for several different signaling pathways including 

fibroblast growth factor 8 (Fgf8) and TGFβ (Julien and Gurdon, 2005; Nowak et al., 

2011; Platta and Stenmark, 2011).  

Interestingly, endocytic cycling not only affects the duration of signaling, but it 

can affect the activation of second messengers. Indeed blocking dynamin, a critical 
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component for endocytosis, allows the association of the TGFβ type I receptor with Smad 

anchor for receptor activation (SARA) and Smad2, but prevents the activation of 

Smad2/3, thus activating different downstream signaling pathways at the cell surface and 

on endosomes (Penheiter et al., 2002). In this way, functional versatility of cell surface 

receptors can be controlled by their dynamic subcellular localization.  

In summary, the regulation of endocytic cycling can serve as a way for one 

signaling pathway to exert multiple effects on the cell. This may be the case for Shh 

signaling as its effects on the cell range from axon guidance, cell survival, proliferation, 

and differentiation. The tight control of endocytic cycling is likely required to ensure that 

the intended cellular effects in response to extracellular signaling occur in the right cell 

type and at the right time during development. Given the importance of Shh signaling to 

embryogenesis and cellular homeostasis, it is remarkable how little is understood 

regarding the regulation endocytic cycling of this pathway. 

 

The Role of Ubiquitin in Signaling Protein Turnover and Function 

The turnover and endocytic cycling of many cell surface receptors is regulated by 

ubiquitin (Piper and Lehner, 2011). Ubiquitin is 76 amino acid protein expressed in all 

eukaryotic cells. Its post-translational conjugation regulates the degradation and/or 

subcellular localization of a wide variety of proteins. Ubiquitin is attached to substrate 

proteins through the activity of three classes of enzymes: E1 ubiquitin activating 

enzymes, E2 ubiquitin conjugating enzymes and E3 ubiquitin ligases. Of these, E3 

enzymes are the most numerous, allowing them to be highly specific to their target 

proteins (Figure 4; Hochstrausser, 1996). 
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Ubiquitin was first described by its ability to target proteins to the proteosome for 

degradation (Hochstrausser, 1996). However, mono-ubiquitination, or short chains of 

ubiquitin, have been shown to be involved in both altering the subcellular localization of 

proteins and targeting membrane proteins to the lysosome for degradation (Piper and 

Lehner, 2011). 

 Ubiquitination of transmembrane receptors targets them for endocytosis and the 

subsequent recruitment of the endosomal-sorting complex required for transport 

(ESCRT). There are four ESCRT complexes (ESCRT-0, I, II, III) that act in sequence to 

sort ubiquitinated membrane proteins into MVBs for degradation by the lysosome 

(Raiborg and Stenmark, 2009).  The ubiquitinated transmembrane proteins are first 

recognized by hepatocyte growth factor regulated tyrosine kinase substrate (Hrs) and 

signal transducing adapter molecule (STAM), which together make up the ESCRT-0 

complex (Raiborg and Stenmark, 2002). The ESCRT-0 complex binds ubiquitinated 

proteins and concentrates them into endosomal membrane subdomains and recruits the 

remaining ESCRT complexes I-III (Raiborg and Stenmark, 2009). ESCRT complexes I-

III cause the formation of MVB by facilitating the invagination and pinching off of 

membrane proteins from the perimeter of the endosomal membrane (Raiborg and 

Stenmark, 2009). These proteins are important for regulating lysosomal degradation of 

cell surface receptors and when absent or dysregulated can affect downstream signaling 

pathways (Platta and Stenmark, 2011). 
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The Adapter Protein Target of Myb1 

 In a proteomic screen using human embryonic kidney (HEK293) cells stably 

transfected with Ptch1Wig, our group identified Target of Myb1 (Tom1) as a putative 

interacting partner (unpublished findings). Tom1 is a 54kD protein that was originally 

discovered as a gene upregulated in response to the oncogene v-Myb (Burk et al., 1997). 

Since then, Tom1 has been established an adapter protein involved in endocytic 

trafficking and is thought to function in an alternative ESCRT-0 complex to Hrs and 

STAM (Wang et al., 2010). Adapter proteins are accessory proteins that do not have any 

inherent signaling ability, but instead mediate protein-protein interactions in signaling 

complexes (Flynn, 2001). 

The Tom family of proteins consists of Tom1, Tom1L1 and Tom1L2. Tom1 and 

TomL2 are the most similar sharing 59% of amino acid sequences while Tom1L1 is more 

divergent, sharing only 30% and 31% sequence identity respectively (Wang et al., 2010). 

The homology between proteins is concentrated to the two protein domains that all three 

proteins share: the N terminal VHS (Vsp87, Hrs, STAM) domain and the central GAT 

(GGA and Tom) domain, while the C-terminus is comparatively divergent between the 

three proteins (Figure 5).  

The VHS domain was originally identified by homology between vacuolar protein 

sorting 27 (Vsp87), Hrs, and STAM. It is 146 amino acids in length, consists of 8 alpha 

helices, and is always found at the N-terminus of the gene (Misra et al., 2000).  
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FIGURE 5. Structure and binding partners of Target of Myb1 (Tom1). Tom1 
interacts with clathrin, endofin and myosin VI through its C-terminus while the GAT 
(GGA and Tom) domain mediates the interaction between Tom1 and Tollip. Tom1 binds 
ubiquitinated proteins by both the GAT and VHS domains (Vsp187, Hrs, STAM).  
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The GAT domain is found in only the GGA and Tom families of proteins, and mediates 

the interaction of Tom1 with ubiquitinated proteins and Toll interacting protein (Tollip; 

Figure 5; Shiba, 2003). Furthermore, Tom1 interacts with endofin (a FYVE containing 

protein that localizes to early endosomes), clathrin and myosin VI through its C-terminus 

(Figure 5). Primarily a cytosolic protein, Tom1 is targeted to the endosome by both Tollip 

and endofin (Yamanaki et al., 2003; Seet et al., 2004). Interestingly, Hrs also binds both 

clathrin and ubiquitinated proteins and is localized to the endosome (Raiborg and 

Stenmark, 2002). Given their similar binding partners, Tom1 is hypothesized to have a 

role mechanistically similar to Hrs acting as part of the ESCRT-0 complex, sorting 

ubiquitinated proteins into MVB (Wang et al., 2010). The importance of ESCRT-0 in Hh 

signaling was revealed by the knockdown of Hrs in Drosophila, which caused Ptch1 and 

Shh to accumulate in enlarged endosomes that stain positively for ubiquitinated proteins 

(Jékely and Rørth, 2003).  

Unlike Hrs, which is evolutionarily conserved from yeast to humans, Tom1 is not 

present in yeast. However, a Tom1 homologue, termed DdTom1, is expressed in the 

amoeba Dictyostelium discoideum. Evidence of a role for Tom1 in the ESCRT-0 complex 

comes from a study with the amoeba Dictyostelium discoideum (Dd). DdTom1 has a 

conserved VHS and GAT domain, co-localizes with ubiquitinated proteins and binds to 

DdEps15 (EGFr pathway substrate), a protein involved in clathrin mediated endocytosis, 

and DdTsg101 (Tumor susceptibility gene 101), a component of the ancestral ESCRT-I 

complex (Blanc et al., 2009). Given this system did not have any other components of the 

ancestral ESCRT-0 complex, this provides evidence that Tom1 does function in a similar 

manor to Hrs. 
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The Role of Tom1 in Signaling 

Tom1 has also previously been shown to have a functional role in the regulation 

of cell surface receptor endocytic cycling. Tom1 was found to co-immunoprecipitate with 

the interleukin 1 receptor (IL-1R; Brissoni et al., 2006). Upon binding, interleukin-1ß 

(IL-1ß) induces the ubiquitination of the IL-1R and this is thought to mediate the 

interaction with Tom1. Consistent with this, knocking out Tom1 impaired IL1-R 

endocytic cycling and degradation (Brissoni et al., 2006). The overexpression of Tom1 in 

cells stimulated by IL-1ß or tumor necrosis factor (TNFα) blunted the activation of the 

downstream transcription factors nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-ΚB) and activating factor 1 (AF1; Yamanaki and Yokosawa, 2004). Tollip is 

also known to play a similar role in IL1 signaling and is thought to link the IL-1R via 

Tom1 to the endosomal degradation machinery (Yamanaki and Yokosawa, 2004).  

 Interestingly, the microRNA miR-126 is a negative regulator of Tom1 protein 

levels and is downregulated in Cystic fibrosis airway epithelial cells (Ogelsby et al., 

2010). Part of the disease process of Cystic fibrosis involves an aberrant upregulation of 

immune responses mediated by the Tom1 targets IL-1ß and TNFα. These findings 

underline the importance of Tom1 to normal cellular physiology and that its 

misregulation underlies the pathophysiology of at least one disease. 

 

Autophagy 

Autophagy is the process of the degradation of cytosolic components including 

damaged organelles and protein aggregates by the lysosome (Rubinsztein et al., 2012). 
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FIGURE 6. Convergence of the endocytic and autophagy pathways. Cytoplasmic 
material for degradation by autophagy is surrounded producing a double membrane 
structure called the autophagosome. The autophagosome can fuse directly with the 
lysosome for degradation, or fuses with early or late endocytic vesicles to produce the 
amphisome, which then also fuses with the lysosome for degradation. Adapted from 
“Autophagy and multivesicular bodies, two closely related partners” by C. M. Fader and 
M.I. Colombo, 2009, Cell Death and Differentiation, 16, p. 73. 



 23

 
Although there is a consistent basal level of autophagy occurring in cells, autophagy is 

highly activated under conditions of cell stress (Rubinsztein et al., 2012). Cell stress can 

occur from many stimuli such as amino acid starvation, or cell accumulation of mutant or 

mis-folded proteins. Cell contents targeted for autophagy are enclosed in a double 

membrane structure called an autophagosome (Rubinsztein et al., 2012). This structure 

then fuses with the lysosome resulting in the degradation of its contents (Figure 6: 

Rubinsztein et al., 2012).  

During autophagosome formation microtubule associated light chain 3 (LC3) is 

cleaved, forming LC3II, and inserted into the autophagosome membrane. Consequently, 

the conversion of LC3I to LC3II is widely used as a measure for autophagosome activity 

as well as LC3 immunohistochemistry to visualize autophagosomes (Jin et al., 2012). 

Autophagy is traditionally thought of as being the degradation route for large 

molecules such as damaged organelles; however it has been shown that MVB can also 

fuse with autophagosomes (Fader and Colombo, 2009). This fusion produces the 

amphisome, which then subsequently fuses with the lysosome for degradation (Figure 6). 

Interestingly, it was established that amphisome fusion with the lysosome was 5-6 times 

more likely than direct fusing of the autophagosome with the lysosome, suggesting that 

endosomal input to the autophagosome is not an uncommon phenomenon (Liou et al., 

1997).  

Autophagy has been brought into the spotlight recently because mutations in 

genes required for autophagy can cause the creation of protein aggregates observed in 

many diseases such as Alzheimer Disease, Parkinson Disease, and Cystic fibrosis 

(Rubinsztein et al., 2012). Furthermore, autophagy has also been shown to have a role in 
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cancer and aging. It is clear that proper regulation of autophagy is required for the 

maintenance of healthy cells (Rubinsztein et al., 2012).  

 

Tom1 is Involved in Autophagy 

Recently, components of the ESCRT complex have been shown to have an 

important role in autophagy (Rusten et al., 2008; Rusten and Stenmark, 2009). Indeed, 

knocking out components of the ESCRT machinery can cause the accumulation of LC3 

positive autophagosomes (Filimonenko et al., 2007). In addition to the role of Tom1 in 

endosomal sorting, it was recently shown to target endosomes to the autophagosome 

(Tumberello et al, 2012). The retrograde actin protein myosin VI was found to bind 

Tom1 and that the deficiency of either protein resulted in the accumulation of LC3 

positive autophagosomes (Tumberello et al, 2012). This is the same phenotype that 

occurs when knocking out components of the ESCRT complex, suggesting that Tom1 

shares a similar role as the ESCRT complexes.  

 

The Importance of Endocytic Cycling of Ptch1 

 Ptch1 is both a negative regulator and a transcriptional target of Shh. Furthermore, 

it also has a role in sequestering Shh, shaping the gradient of extracellular Shh. Therefore, 

controlling the levels and localization of Ptch1 is critical to gauging the cellular response 

to Shh signaling. Although it known that Ptch1 is endocytosed upon binding to Shh and is 

subsequently targeted to the lysosome for degradation (Incardona et al., 2000b, 2002), the 

regulation of this process is poorly understood. Given the diverse effects of Shh signaling 

and the mounting evidence that endocytic cycling is a critical regulator of how cells 
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receive and interpret extracellular signals, understanding the impact on Shh signaling is 

crucial. To unravel the specific effects of Shh signaling, we first need to identify 

regulators of this process. The hypothesis addressed in this thesis is that Tom1 is an 

adapter molecule that regulates endosomal sorting and degradation of Ptch1, and is 

predicted to alter the ability of cells to respond to Shh during neural development. 
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CHAPTER 2: MATERIALS AND METHODS 
 

Animals: 

Adult wild-type FVB mice were bred in the Carleton animal care facility of 

Dalhousie University and were maintained under a 12:12 light:dark cycle with the lights 

on at 7am. Food and water were available ad libitum. All animal procedures were 

conducted according to the guidelines of the Canadian Council on Animal Care and the 

Dalhousie University Animal Care Committee. 

 

Mouse Embryo Preparation for In Situ Hybridization: 

FVB mice were time mated and pregnant females were sacrificed at embryonic 

(E) stages E8.5, E9.5, and E10.5. Animals were paired overnight and checked for vaginal 

plugs in the morning.  Noon of the day vaginal plug was found was designated stage 

E0.5. Embryos at E8.5-E10.5 were dissected from extra-embryonic tissues in ice cold 

diethylpyrocarbonate (DEPC) treated phosphate buffered saline (PBS) and fixed 

overnight in 4% paraformaldehyde (PFA; in DEPC-PBS) at 4°C. The following morning 

fixative was removed and embryos were rinsed in DEPC-PBS then dehydrated through a 

series of methanol dilutions (25%, 50% 75%/DEPC-PBS) to 100% methanol and stored 

at -20°C until ready for in situ hybridization.    

 

Chick Embryo Preparation for In Situ Hybridization: 

Fertilized eggs of Gallus Gallus were incubated at 38°C for 3.5 days (Hamburger 

and Hamilton (HH) stage 22). Embryos were dissected from extra-embryonic tissues, and 

fixed in 4% PFA (in DEPC-PBS) overnight at 4°C, dehydrated through a series of 
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methanol dilutions (25%, 50%, 75% in DEPC-PBS) to 100% methanol and stored at -

20°C until ready for in situ hybridization.  

 

Preparation of Embryos for Immunohistochemistry: 

Mouse embryos at E9.5, E10.5 or chick embryos at E3.5 were dissected from 

extra embryonic tissues in PBS. Embryos were then fixed for 1 hour at RT in 

4%PFA/PBS and then cryoprotected by equilibrating in 15% sucrose/PBS and 30% 

sucrose/PBS. Embryos were then embedded in Optimal Cutting Temperature (OCT, 

Tissue Tek) and stored at -80°C until sectioned. Embryos were sectioned on a cryostat at 

12-14μm in transverse sections through the entire embryo. 

 

Extraction of Total mRNA:  

Total mRNA was extracted from E10.5 mouse and E3.5 chick embryos using the 

RNAlater® kit (Invitrogen) according to the manufacturer’s instructions. The quality and 

relative concentration of total mRNA was assessed by ethidium bromide-stained agarose 

gel electrophoresis. 

 

Production of cDNA Library: 

A complimentary DNA (cDNA) library of the tissue was generated from total 

mRNA extracted as described above using the Superscript® First-Strand Synthesis 

System for RT-PCR kit (Oligo dt primer; Invitrogen).  
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Cloning of Tom1 for Expression in Mammalian Cells: 

The mouse target of myb1 (mTom1) cDNA sequence was obtained from National 

Centre for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov). To 

amplify mTom1, polymerase chain reaction (PCR) was conducted using the cDNA 

library. In order to facilitate cloning, mismatched primers surrounding the mTom1 cDNA 

were used to create restriction endonuclease (RE) cut sites at the 3’ (SacI) and 5’(EcoRI) 

ends of the gene (Table 1). DNA was digested with SacI and EcoRI (New England 

Biosciences; NEB) and ligated into the bicistronic eukaryotic expression vector pIRES2-

EGFP (Clonetech) prepared with the same RE cut sites (Table 1). The resulting 

bicistronic vector produced both full length Tom1 and enhanced green fluorescent protein 

(EGFP; to monitor transfection efficiency) proteins. 

A second mTom1 expressing plasmid, Tom1 pcDNA3.1, was constructed that 

does not expresses EGFP (Table 1). Tom1 was isolated from Tom1 pIRES2-EGFP using 

the XhoI and SalI RE and ligated into an empty pcDNA3.1 vector prepared with XhoI 

half sites. Empty pIRES2-EGFP, pEGFP-N1 (Clonetech), or pcDNA3.1 (Invitrogen) 

were used as negative controls to evaluate the specificity of Tom1 overexpression in cells 

and embryos.  

 

Cloning of Tom1 for Riboprobe Synthesis: 

To clone portions of the Tom1 gene for riboprobe synthesis, primers were 

designed surrounding the cDNA coding region or 3’ untranslated region of mouse or 

chicken Tom1 cDNA (Burk, 0. et al. 1997; Table 2). Sequences were obtained from 

National Centre for Biotechnology Information (NCBI) website 
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Table 1. Mammalian expression plasmids of full length Tom1, Ptch1 and Ptch1Wig. 

 
 

 

 

 

 

 

 

 

 

 

 

Gene Primer 
Sequence 

Temp Size 
(bp) 

Accession 
number 

Vector Origin 

mTom1 5’ctgcagga
attcagaccct
acattc 
3’tgattctgg
gagctcgtgg
c 

60°C 1500 NM_011622 pIRES2-
EGFP 

Constructed 
by Michelle 
Crawford 

mTom1 Same as 
above 

Same 
as 
above 

1500 NM_011622 pcDNA3.1 Constructed 
by Michelle 
Crawford 

mPtch1
-Myc 

NA NA 4305 NM_008957.2 pRK5 Constructed 
by 
Dr.Iulianella  

Flag-
mPtch1
Wig 

NA NA 4305 NM_008957.2 pcDNA5/F
RT 

Constructed 
by Dr. 
Iulianella  
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(http://www.ncbi.nlm.nih.gov).  In order to facilitate cloning, some primer pairs 

were designed with mismatched nucleotides to produce a RE cut site. Polymerase chain 

reaction (PCR) was then performed using the E10.5 mouse embryo, or E3.5 chick 

embryo cDNA library and gene specific primers outline in Table 2. The resulting PCR 

fragment was cut with REs (NEB) and directionally cloned into pBluescript (Thermo 

Scientific) or cloned directly following amplification via TA cloning into TOPO PCR 2.1 

(Invitrogen).  

 

Ligation, Transformation and Screening of Plasmid DNA 

Ligations of plasmid DNA were conducted by incubating prepared insert and 

plasmid backbone (3:1) with T4 DNA ligase (NEB) at 14ºC overnight. Constructed 

plasmids were then subsequently transformed using chemically competent TOP10 cells 

(Invitrogen) and spread on lysogeny broth agar plates containing appropriate antibiotic. 

Colonies were screened by performing diagnostic digests using REs that release a 

fragment of a known molecular weight. Positive colonies were sent for sequencing at 

TCAG DNA Sequencing Facility (The Hospital for Sick Children Toronto, ON).   

 

Riboprobe Synthesis: 

Sense and anti-sense Tom1 Plasmid DNA was linearized with appropriate RE and 

purified using phenol/chloroform (Table 2). RNA was transcribed from linear DNA using 

T7 or T3 RNA polymerase (NEB) and DIG RNA labeling mix (Roche). Positive control 

plasmids mouse Sonic hedgehog (mShh) and chicken Shh (cShh; kind gifts from Dr.  
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Table 2: Cloning of Tom1 for riboprobe synthesis. 

 

Gene Primer 
Sequence 

Annea
ling 
Temp 

Size Accessio
n 
number 

Vector RNA 
probe 
synthesis 

mTom
1 
isoform 
1 

Fwd:acctgattctgg
gagctggt 
Rev:gtatgagagtgt
caggccct 
 

60°C  618
bp 

NM_011
622 

Cloned into 
Blusescript 
(Clonetech) 
SacI and SmaI 

SmaI/sens
e 
SacII/antis
ense 

mTom
1 
isoform
1 
3’UTR 

Fwd:atggaggacat
tgagcagtg 
Rev:cagtggagggc
tgacttattc 

58°C  401
bp 

NM_011
622 

Bluescript 
(Clonetech) 

SpeI/antis
ense 

cTom1 
3’UTR 

Fwd:gccagtcgaca
tcagaagc 
Rev:ctttccaggcta
acggca 

63°C  445
bp 

NM_205
144 

Bluescript 
(clonetech) 

SalI/antise
nse 
XbaI/Sens
e 
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FIGURE 7. Tom1 riboprobe placement on mouse and chicken Tom1 cDNAs.  
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Andy McMahon) were linearized with HindIII and transcribed with T3 RNA polymerase. 

After transcription DNAse I (NEB) was added to digest the DNA template. RNA was 

precipitated using ammonium acetate and the relative concentration and size of RNA 

produced was assessed by ethidium bromide gel electrophoresis.  

 

Whole Mount In Situ Hybridization: 

Embryos stored in 100% MeOH were bleached for 2 hours in Dent’s bleach 

(MeOH:H2O2:DMSO 4:1:1) and rehydrated to DEPC-PBT (Phosphate Buffered Saline + 

0.1% Triton-X-100) through a series of methanol dilutions (75%, 50%, 25%/DEPC-

PBT).  Embryos were then treated with Proteinase K (10μg/mL NEB) for 5 min (mouse 

E9.5) or 10min (mouse E10.5 and chick E3.5) and rinsed immediately with glycine 

(2mg/mL)/PBT. Embryos were then post fixed in 4%PFA/0.25% glutaraldehyde for 20 

minutes, rinsed and transferred to pre-warmed hybridization solution (50%formamide; 

25%20XSSC; 0.01M EDTA ;0.1% Tween-20; 0.1% CHAPS; 50μg/mL heparin; yeast 

torula-RNA 1ug/mL; 20μg/mL Boehringer blocking powder) for 2 hours at 65°C. 

Riboprobe (approximately 1μg) was then added to embryos and incubated on a nutating 

platform at 65°C overnight. The next day the embryos were rinsed twice in post 

hybridization buffer (50% formamide; 25% 20X SSC; 0.1% Tween-20; 0.5% CHAPS), 

once in 50% post hybridization buffer (in 2X SSC/0.1% CHAPS), twice for 30 minutes in 

2X SSC/0.1% CHAPS, and once for 30 minutes in 0.2XSSC 0.1% CHAPS.  Embryos 

were then transferred to TBST (50mM Tris; 150mM NaCl; 0.1% Tween-20) for 30 

minutes. Embryos were blocked in 20% heat inactivated goat serum for one hour at 4°C 

and DIG-alkaline phosphatase antibody (Roche) was added (1/2000) to serum and 
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incubated overnight at 4°C. The next day the embryos were washed throughout the day 

(changed once per hour) and overnight in TBST. To develop color, embryos were first 

equilibrated to alkaline phosphatase buffer (0.1M Tris/HCl pH9.5; 0.1M NaCl; 0.05M 

MgCl2: 0.1% Tween-20) and then developed by adding NBT (340μg/mL) and BCIP 

(174μg/mL) (Roche) to embryos. Once the desired color intensity was achieved, embryos 

were fixed in 4%PFA for 20 minutes to inactivate the alkaline phosphatase. Embryos 

were visualized under Zeiss Discovery V8 pentafluor dissecting microscope and imaged 

using an Axiocam digital camera. Positive controls for the ISH protocol were a verified 

Shh riboprobe and the Tom1 riboprobes on chick embryos overexpressing mouse Tom1. 

The negative control used was a sense Tom1 riboprobe. 

 

Vectastain Peroxidase Immunohistochemical Staining of Embryonic Spinal Cords and 
Adult Mouse Cerebellum: 

For peroxidase staining of spinal cord sections, and adult mouse cerebellum 

Vectastain®ABC kit was utilized according to manufacturer’s instructions (Vector 

Laboratories). Sections stored at -20° C were first permeabilized for 20 minutes in PBT. 

To quench endogenous peroxidase activity sections were incubated for 5 minutes 

(embryos) or 30 minutes (adult brain) in 0.3% H2O2.  Slides were blocked and antibodies 

were diluted in normal horse serum/PBS and washes were done in PBT. Tom1 antibody 

or mouse IgG concentrations are indicated in Table 3. In order to visualize protein 

staining, liquid 3,3'-diaminobenzidine (DAB) and the substrate chromogen system (Dako 

Cytomation) was utilized according to manufacturer’s instructions. Staining was allowed 

to develop until positive control slides (mTom1-electroporated chick spinal cords) 
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Table 3: Primary antibodies used in immunohistochemistry. 

 

Antibody Host Dilution 
IHC 

Source Cat.# Immunogen 

Cleaved 
Caspase-3 
(Asp175) 
(5A1E) 

Rabbit 1/350 Cell Signaling 9664 Amino-
terminal 
residues 
adjacent to 
Asp175 of 
Human 
Caspase-3 

Mono or poly 
ubiquitinated 
proteins 
(FK2) 

Mouse 1/500 Millipore 04-263 Poly-
ubiquitinated-
lysozyme  

Nkx2.2 Mouse 1/50 Developmntal 
studies 
hybridoma bank 

74.5A5  

Olig2 Guinea 
Pig 

1/5000 Dr. B. Novitch   

Patched1 
(G19) 

Goat 1/250 Santa Cruz sc6149 Peptide 
mapping to 
the N–
terminus of 
Mouse 
Patched1 

Pax6 Mouse 1/50 Developmental 
studies 
hybridoma bank  

P3U1 Chick Pax6 
a.a. 1-223 

Rab7 
(D95F2) 

Rabbit 1/100 Cell Signaling 9367 Synthetic 
peptide 
corresponding 
to residues 
surrounding 
Glu188 of 
human Rab7 
protein 

Tom1 Mouse 1/5000 Abgent AT4200a Partial 
recombinant 
protein with 
GST tag 
(394a.a. to 
492a. a. of 
human Tom1) 
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showed clear staining with low background.  Sections were imaged on a Zeiss Axioplan 

II microscope and Axiocam HRC Color Camera using a 20X objective lens.  

 

In Ovo Electroporation: 

Fertilized chick eggs were incubated at 38°C two days prior to electroporation. 

Eggs containing HH stages 8-10 were windowed and visualized using India ink injected 

underneath the embryo. Plasmid DNA was purified using Quiagen Midiprep kit and kept 

as a concentrated sock (5μg/μl) in water. In order to transfect chicken embryonic neural 

tubes, fast green dye (50ng/μl) was added to the concentrated solution of DNA and 

injected into the lumen of the developing neural tube using a pulled glass capillary 

micropipette and aspirator assembly. Using a TSS20 Ovodyne Electroporator and EP21 

Current Amplifier, a current was applied to either side of the neural tube (20-25V, 5 

pulses, 50ms width, 500ms space) causing the plasmid DNA to enter cells on one side of 

the neural tube. The windowed eggs were subsequently sealed and returned to incubator 

for 24 hours. The embryos were dissected from extraembryonic tissues, fixed for 1 hour 

at RT in 4% PFA, rinsed in PBS, and equilibrated to 15% then 30% sucrose/PBS. 

Embryonic spinal cords were then oriented for transverse sections, embedded in OCT 

compound (Tissue Tek) and stored at -80°C until sectioned. 

 

Immunohistochemistry of Ventral Progenitor Domains: 

Embryonic spinal cords from electroporated embryos were sectioned at 12-14µm 

using a cryostat. Tissue was permeabilized for 20 minutes in PBT and blocked for 1h at 

RT in 5% donkey (DK) serum/PBS. Primary antibody (Table 3) was diluted in 5% DK 
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serum/PBS and incubated for 2 hours at RT or overnight at 4°C. Sections were washed 

three times in PBT and incubated in secondary antibody (Table 4) for 1 hour at room 

temperature while protected from light. Sections were then washed in PBT, 

counterstained with DAPI (Sigma, 1/5000 dilution of 3.3mg/mL stock) and coverslipped 

using Dako fluorescent mounting medium. Sections were stained with antibodies directed 

against transcription factors that specify various progenitor domains (Tables 3 and 4). 

Nkx2.2, Olig2 and Pax6 were used to visualize the p3, pMN and dorsal interneuron 

progenitors respectively, and appropriate secondary antibodies (Antibody dilutions Table 

3 and Table 4). Immunostained sections were imaged using a Zeiss Axiovert 200M 

microscope and Hamatsu Orca R2 Camera using a 20X objective lens. 

 

Analysis and Quantification of the Effect of Tom1 Overexpression in the Embryonic 
Spinal Cord: 

In order to evaluate the effect of Tom1 overexpression on the electroporated 

versus contralateral control side of the embryonic spinal cord, a horizontal line was 

drawn along side the dorsal-most domain of a given progenitor marker on the 

unelectroporated side.  More than one cell diameter change in progenitor domain (either 

ventrally or dorsally) was considered a shift. Embryos were excluded if the electroporated 

cells were not in progenitor domain in question. Thirty-six Tom1 electroporated embryos 

and 29 control plasmid electroporated embryo were used in evaluations. Up to two 

sections per embryo were evaluated for shifts in progenitor domains.  
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Table 4: Secondary antibodies used in immunohistochemistry. 

 

Antibody Host Dilution IHC Source Cat.# 

Alexa Fluor 555 
Donkey Anti-mouse 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-31570 

Alexa Fluor 488 
Donkey Anti-mouse 
IgG (H+L) 

Donkey 1/1000 Invitrogen  A-21202 

Alexa Fluor 647 
Donkey Anti-mouse 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-31571 

Alexa Fluor 555 
Donkey Anti-Goat 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-21432 
 

Alexa Fluor 488 
Donkey Anti-Goat 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-11055 

Alexa Fluor 633 
Donkey Anti-Goat 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-21082 

Alexa Fluor 555 
Donkey Anti-Rabbit 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-31572 

Alexa Fluor 488 
Donkey Anti-Rabbit 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-21206 

Alexa Fluor 647 
Donkey Anti-Rabbit 
IgG (H+L) 

Donkey 1/1000 Invitrogen A-31573 

Alexa Fluor 594 
Goat Anti-Guinea 
Pig IgG (H+L) 

Goat 1/1000 Invitrogen A-11076 
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Culture of HEK293 Cells: 

Human Embryonic Kidney (HEK)293 cells were cultured on 10 cm tissue culture 

dishes at 37°C in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco), 

10% heat inactivated fetal bovine serum (HI-FBS), L-glutamine (2mM), and Pen-strep 

(100units/mL penicillin, 100ug/mL streptomycin) until 60-80% confluency was reached 

and were passaged at 1 in 6 to 1 in 10. 

 

Western Blot Procedures: 

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis was 

conducted using a Bio-Rad Mini-PROTEAN apparatus and 6% or 7.5% polyacrylamide 

gels. Gels were run at 125V then electrobloted to polyvinylidene difluoride (PVDF) 

membrane at 110V for 1 hour.   

 

Transfection of HEK293 cells for Co-immunoprecipitation and Subcellular fractionation: 

50μl polyethylenimine (PEI; 2mg/mL) + 15µg plasmid DNA was added to 1mL 

of high glucose DMEM and incubated for 10 minutes at RT. Mixture was then added 

drop-wise to a 10 cm tissue culture plate containing 60% confluent HEK293 cells and 

incubated for 12-24 hours. Cells were transfected with pRK5 mPtch1-Myc, 

pcDNA5/FRT Flag-Ptch1Wig,pIRES2-EGFP Tom1 or  pcDNA3.1(+) Tom1 (Table 1). 
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Co-immunoprecipition of Tom1 and Patched1Wiggable: 

HEK293 cell lines stably expressing Flag-tagged Ptch1Wig (two independent lines 

1A and 2) or wild-type HEK293 cells were lysed in IP lysis buffer (0.5% NP-40, 150mM 

NaCl, 20mM Tris-Cl, 1mM EDTA, protease inhibitor (Sigma)) and immunoprecipitated 

using Sigma Flag IP Kit. Sample buffer (63mM Tris pH 6.8, 1% glycerol, 6.4% SDS, 

0.5% 2-ME, 0.25% Bromophenol blue) was added to 20 µl of Flag purified cell lysate 

and separated on a 7.5% SDS polyacrylamide gel, transferred and blocked for 1 hour in 

5% milk/Tris-buffered saline with 0.1% Tween-20 (TBST). Tom1 antibody (Table 5) was 

incubated overnight at 4°C on a nutating platform. The next day, the membrane was 

rinsed three times in TBST and incubated for 2h at RT in secondary antibody (Table 6). 

The membranes were rinsed three more times in TBST and visualized using Pierce 

electrochemiluminescence (ECL) 2 kit. To verify Ptch1Wig was immunoprecipitated, the 

blot was stripped using Restore Stripping buffer (Pierce) for 15 minutes, rinsed for 1-3 

hours in TBST and re-probed for Ptch1 and Flag using antibodies outlined in (Table 5 & 

6).   

 

Co-immunoprecipition of Tom1 and Wild-type Ptch1: 

Wild-type HEK293 cells were transfected with Myc-tagged wild-type Ptch1 

(Table 1), either singly or with Tom1 pIRES2-EGFP using Fugene 6 reagent from 

Promega (50µl of Fugene 6 + 17µg of plasmid DNA). Cells were lysed 24 hours after 

transfection in 1mL of IP lysis buffer (0.5% NP-40, 150mM NaCl, 20mM Tris-Cl, 1mM 

EDTA, protease inhibitor) and incubated for 30 minutes at 4°C while rocking. Cells were 

then centrifuged at 12,000 rpm for 15 minutes at 4°C and 500µl of supernatant was  
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Table 5. Primary antibodies used in Western Blots. 

 

Antibody Host Dilution 
WB 

Source Cat.# Immunogen 

Tom1 Mouse 1/5000 Abgent AT4300a Partial 
recombinant 
protein with GST 
tag (394a.a. to 
492a. a. of human 
Tom1) 

Myc-Tag 
(9B11) 

Mouse 1/1000 Cell 
Signaling 

2276 Synthetic peptide 
corresponding to 
residues 410-419 
of human c-Myc 

DYKDDDDK 
(Flag) Tag 
Antibody 

 

Rabbit 1/1000 Cell 
Signaling 

2368 Synthetic peptide 
DYKDDDDK  

Flag M2  Mouse 1/1000 Sigma F1804 Synthetic peptide 
DYKDDDDK  

αTubulin Mouse 1/1000 Sigma T9026 Microtubules 
from chicken 
embryo brain 

Patched1 (G19) 
 

Goat 1/1000 Santa Cruz Sc6149 Peptide mapping 
to the N–terminus 
of Mouse 
Patched1 
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Table 6: Secondary Antibodies used in Western Blots. 

 

Antibody Host Dilution WB Source Cat # 
HRP 
conjugated 
Donkey anti-
mouse IgG 

Donkey 1/10000 Pierce 
Thermoscientific 

PA-28748 

HRP 
conjugated 
Goat anti-
mouse IgG 

Goat 1/10000 Pierce 
Thermoscientific 

31430 

HRP 
conjugated 
Rabbit anti-
goat IgG 

Rabbit 1/10000 Pierce 
Thermoscientific 

31402 

HRP 
conjugated 
Donkey anti-
Rabbit IgG 

Donkey 1/10000 Pierce 
Thermoscientific 

31458 
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immunoprecipitated for wild-type Ptch1 using Pierce C-Myc immunoprecipitation kit. 

Beads (10µl) were added to lysates and incubated overnight at 4°C. In the morning, beads 

were washed in TBST (0.5% Tween-20) three times and eluted with 25µl of 2X sample 

buffer. All 25µl of eluted protein was loaded on SDS 7.5% polyacrylamide gel and 

transferred to a PVDF membrane. Membrane was blocked in 5% milk/TBST and probed 

with Tom1 and Myc antibodies (Table 5) overnight at 4°C. The next day the membrane 

was washed in TBST, incubated in horseradish peroxidase (HRP) secondary antibody 

(Jackson Immunoresearch; Table 6) for 2 hours, and visualized using Pierce ECL 2 kit.   

 

Sub-cellular Fractionation of Transfected HEK293 cells. 

In order to obtain sub-cellular fractions of HEK293 cells expressing Tom1 and 

Ptch1, the following protocol was adapted from Lallemand et al., 2003 and depicted in 

Figure 8. Transfected cells were rinsed twice in PBS and incubated in 1mL of hypotonic 

buffer (10mM HEPES (pH7.4)/1mM EDTA/ protease inhibitors) on ice for five minutes. 

Cells from 2 plates were scraped and pooled, and homogenized using a Dounce 

homogenizer. Subsequently, homogenized cells were centrifuged at 600g for 10 minutes 

at 4°C. The supernatant was transferred to another tube and the pellet was redissolved in 

1mL of hypotonic buffer and both the supernatant and redissolved pellet were centrifuged 

as above. The supernatant was transferred to a new tube and put aside on ice while the 

supernatant from pellet was discarded. The pellet was redissolved again in 1mL of 

hypotonic buffer and centrifuged at 15,000g for 10 minutes. The resulting supernatant 

was discarded and the remaining pellet was resuspended in 500μl of RIPA buffer (50mM  
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FIGURE 8. Diagram of Subcellular Fractionation Method. (Lallemand et al. 2003).  
After each centrifugation the pellet and supernatant are separated and the pellet either 
discarded or resuspended in buffer (solid arrow), the supernatant is either discarded or 
centrifuged further. The centrifugation steps are indicated in boxes.  
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Tris (pH7.4)/ 1% TritonX100/0.1% SDS/0.5% sodium deoxycholate/150mM NaCl/1mM 

EDTA/protease inhibitors) to give the nuclear fraction.  

The supernatant was then ultracentrifuged for 1h at 100,000xg at 4°C to give the 

cytosolic fraction (supernatant) and membrane fraction (pellet). The membrane fraction 

was then dissolved in 500μl of membrane extraction buffer (MEB) buffer (50mM Tris 

(pH 7.4)/1% TritonX100/150mM NaCl/1mM EDTA/Protease Inhibitors) and centrifuged 

again for 1h at 100,000g to give the membrane soluble fraction (supernatant) and 

membrane insoluble fraction (pellet). The membrane insoluble fraction was then 

dissolved in 500μl of RIPA buffer. The protein content of all fractions was measured 

using a protein assay kit (Pierce BCA Protein Assay Kit) and normalized by dilution with 

appropriate buffer. Sample buffer (5X) was added and incubated at RT for 15 minutes 

before loading on SDS polyacrylamide gel. Protein from each fraction was assayed using 

Western blot and was immunostained for Tom1 and Ptch1 as described above.  

 

Transfection of HEK293 Cells for Immunofluorescence: 

HEK293 cells (60,000/16mm well) were plated 24h before transfection on Poly-

D-lysine coated glass coverslips nested at the bottom of a 24 well plate. The following 

day 1.5μl of Fugene 6 (Promega) or PEI (2mg/mL) and 0.5μg of plasmid DNA were 

diluted in 25μl of high glucose DMEM per well.  The mixture was incubated 10 min at 

RT then added drop-wise to cells and incubated for 4-24 hours at 37°C. After 

transfection, cells were washed in PBS, fixed in 4% PFA for 10 minutes, and rinsed three 

times in PBS.  
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Immunohistochemistry of HEK293 cells: 

Cells were permeabilized for 20 minutes in PBT and blocked for 1h at RT in 5% 

DK serum/PBS. Primary antibody (Table 3) was diluted in 5% DK serum/PBS and 

incubated for 2 hours at RT or overnight at 4°C. Cells were washed three times in PBS 

and incubated in secondary antibody (Table 4) for 1 hour at RT while protected from 

light. Cells were washed in PBS, counterstained with DAPI (Sigma, 1/5000 dilution of 

3.3mg/mL stock), and post-fixed in 4% PFA for 10 minutes. Cells were imaged on a 

Zeiss LSM 510 Meta Laser Scanning Confocal Microscope using 63X or 40X objective 

lenses. In order to rule out bleed through in co-localization experiments, antigens were 

visualized using the secondary dyes Alexa Fluor 488 and Alexa Fluor 647, which have 

virtually no overlap in emission spectra. Omission of primary antibody was used as a 

negative control.  

 

Analysis of Tom1 and Ptch1 Aggregate Formation.  

Ptch1 both alone and with Tom1 was transfected and immunostained for Ptch1 and Tom1 

as described above. Cells were imaged at 63X using a Zeiss Axiovert 200M microscope 

and Hamatsu Orca R2 Camera. 100 transfected cells from 3 different slides per condition 

were assessed for the presence of an aggregate. Aggregates were defined as a large 

circular collection of protein at the perinuclear region that stains considerably more 

intensely than the rest of the protein in the cell. A comparison between groups was made 

using a two-tailed student’s t test. 
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CHAPTER 3: RESULTS 

An interesting feature of Sonic hedgehog (Shh) signaling is that the receptor for 

Shh proteins, called Patched1 (Ptch1), is both a negative regulator and transcriptional 

target of the pathway. This implies that Ptch1 limits both the spread of extracellular Shh, 

and intracellular Shh signaling over time. Given the key role for Ptch1 in regulating the 

extent of Shh signaling, it is crucial that we explore the mechanism that regulates the 

localization and dynamics of Ptch1 within the cell as the levels and localization of Ptch1 

will ultimately affect how cells receive and interpret the Shh signal. 

Ptch1 is internalized by dynamin-mediated endocytosis and is targeted to 

lysosome for degradation (Incardona et al, 2000; 2002). Furthermore, intact endocytic 

cycling of the Ptch1-Shh complex is required for downstream Shh signaling in vertebrate 

cells (Incardona et al. 2002). However, the regulation of Ptch1 subcellular localization 

and degradation is poorly understood.  

Given that there are very few known regulators of Ptch1 endocytic cycling and 

degradation, our group conducted a proteomic screen to identify novel genes that are 

involved in this process (unpublished findings). The proteomic screen was conducted 

using the N-terminal portion (amino acids 1-848) of the Ptch1 protein called Patched 1 

Wiggable (Ptch1Wig). This segment was used because it allowed for the creation of a cell 

line that stably expresses Ptch1Wig. Full length Ptch1 is an apoptotic inducing protein; 

therefore, creation of a stable cell line expressing the entire protein was not feasible 

(Thibert et al., 2003; Fombone et al., 2012). Flag-tagged Ptch1Wig was 

immunoprecipitated and subjected to mass spectrometry to identify interacting proteins. 

One of the proteins identified was target of myb1 (Tom1), which is an adapter protein 
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involved in endocytic cycling thought to target ubiquitinated proteins to the lysosome 

(Wang et al., 2010). Given that Ptch1 is ubiquitinated and is degraded through the 

lysosome we reasoned that Tom1 might have a role in Ptch1 endocytic cycling and/or 

degradation.  

 

Tom1 Co-immunoprecipitates with Ptch1Wig but not Wild-Type Ptch1. 

 To rule out the possibility that the Tom1-Ptch1Wig interaction found by mass 

spectrometry was a false positive, the interaction between Ptch1wig and Tom1 was 

confirmed by co-immunoprecipitation (Figure 9A). Flag-Tagged Ptch1Wig stable cell lines 

were lysed and immunoprecipitated for Flag using anti-Flag immobilized agarose beads. 

Immunoprecipitated lysates were then probed for the presence of Tom1 using a 

monoclonal antibody (Abgent). Endogenous Tom1 was found to co-immunoprecipitate 

with Ptch1Wig in two separate Ptch1Wig human embryonic kidney (HEK293) cell lines that 

both stably express Ptch1Wig (Lines 1a and 2; Figure 9A). Tom1 was absent in wild-type 

HEK293 cells undergoing the same procedure (Figure 9A). Tom1 was found at the 

expected size of 54kD (Figure 9A). However, another band was also detected by the 

Tom1 antibody at 33 kD. It is unclear what this band represents, but this finding is 

consistent with reports from other groups using an antibody against tagged Tom1 (Katoh 

et al., 2004).  

  To determine if Tom1 interacts with full length Ptch1, Myc tagged wild-type 

Ptch1 and Tom1 were overexpressed together in wild-type HEK293 cells. Cells were 

lysed and Myc tagged Ptch1 was immunoprecipitated using anti-Myc immobilized beads 
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FIGURE 9. Tom1 associates with the N-terminus of Patched1 (Ptch1). (A) 
Endogenous Tom1 co-immunoprecipitates with two different lines of Flag-tagged 
Ptch1Wig (Lines 1A and 2). Top panel shows Flag immunoprecipitated Ptch1Wig at 90kD. 
Bottom panel shows immunoprecipitated Tom1 at 54kD and the presence of another band 
of unknown origin at 33kD. (B) Tom1 did not immunnoprecipitate with Myc-purified 
wild-type Ptch1 in transfected HEK293 cells. Top panel shows immunoprecipitated 
lysates stained for Myc at 150kD. Middle panel shows immunoprecipitated lysates 
stained for Tom1. Bottom panel shows whole cell lysates 5% of immunoprecipitated 
input stained for Tom1.
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and probed for Tom1. Neither overexpressed nor endogenous Tom1 was detected in 

immunoprecipitated lysates (Figure 9B). Very low levels of endogenous Tom1 (upper 

band) were found in all conditions indicating that Tom1 did not co-immunoprecipitate 

with wild-type Ptch1 under our conditions (Figure 9B).  

 

Analysis of Tom1 mRNA Expression in the Developing Chick and Mouse Embryo. 

Given that Tom1 associated with the amino-terminus of Ptch1, and its embryonic 

expression profile is unknown, Tom1 expression was evaluated to determine if it was 

expressed in the same tissues as Ptch1 during nervous system development. The LacZ 

knock-in Ptch1 locus was used to visualize the tissues that express the Ptch1 gene during 

neural development. LacZ staining reveals at E9.5 Ptch1 is expressed throughout the 

developing neural tube in a gradient with high levels ventrally and lower levels dorsally 

(Figure 10). 

The mRNA expression pattern of Tom1 in the developing embryo was 

investigated in regions of Ptch1 expression. To determine if Tom1 mRNA was expressed 

in the developing mouse embryo, mRNA was first extracted from mouse E10.5 whole 

embryo lysates and reverse transcriptase polymerase chain reaction (RT-PCR) was 

conducted using primers designed for Tom1 cDNA (Table 1). Mouse Tom1 mRNA was 

detected in E10.5 mouse embryos (Figure 11D).  

To determine where Tom1 mRNA was expressed in the developing embryo, 

whole embryo in situ hybridization was conducted. Tom1 mRNA was not detected by in 

situ hybridization at high levels in any specific structures in the E8.5, E9.5 and E10.5 

mouse embryo or E3.5 chick embryo (Figure 11, 12). Furthermore, Tom1 in situ  
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FIGURE 10. Ptch1 activity during neural development. (A)Top panel:  Lateral view 
of LacZ whole mount staining of an E9.5 Ptch1Lacz/+ embryo. LacZ staining shows Ptch1 
expression in the whole E9.5 embryo throughout the entire length of the developing 
central nervous system. Middle and bottom panels: Transverse sections across the 
cervical (1) and forelimb bud (2) regions show the ventral-high gradient of Ptch1, 
reflecting tissues responding to Shh signaling. Abbreviations: nc, notochord. Figure 
supplied by Dr. Angelo Iulianella. 



 52

FIGURE 11. Tom1 and Shh mRNA expression in the E10.5 mouse embryo. (A) 
Lateral view of an E10.5 embryo stained with Shh antisense riboprobe. (B) Lateral view 
of an E10.5 embryo stained with Tom1 antisense riboprobe. (C) Control Tom1 sense 
riboprobe in an E10.5 embryo. (A’-C’) Transverse sections of embryos at forelimb bud 
probed for Shh, (A’), Tom1 antisense (B’), and Tom1 sense (C’) riboprobes. (D) RT-PCR 
of E10.5 total mRNA using primers against Tom1 confirms embryonic expression. 
Abbreviations: (hb) hindbrain, (mb) midbrain, (fb) forebrain, (fl) forelimb bud, (fp) 
floorplate, (nc) notochord. 
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FIGURE 12. Comparative expression profile for Tom1 and Shh in early mouse and 
chick embryos. (A, B) Lateral view of a mouse E9.5 embryos hybridized with mShh (A) 
and mTom1 (B) riboprobes. (A’ and B’) Transverse section of neural tube in A and B at 
the limb bud. Lateral view of E8.5 mouse embryos hybridized with mShh (C) or mTom1 
(D) riboprobes. (E and F) Lateral view of chick E3.5 embryo hybridized with cShh (E) or 
cTom1 (F) riboprobes. (G) Dorsal view of E3.5 chick neural tube electroporated with 
mTom1 expressing plasmid and hybridized with mTom1 riboprobe. Arrows indicate 
mTom1 mRNA positive cells following electroporation. Forebrain (fb), midbrain (mb), 
hindbrain(hb), forelimb bud(fl), floorplate(fp).  
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hybridization did not reveal high levels of expression in the neural tube (Figure 11B’, 

Figure 12B’). However staining in the neural tube did appear to be slightly higher for 

Tom1 mRNA than the sense control in the E10.5 embryo. Mouse and chick Tom1 

riboprobes showed similar ambiguous results for Tom1 in developing neural tissues. 

Two separate mouse Tom1 mRNA probes that hybridize to different sections of 

the mouse Tom1 gene and one chick Tom1 mRNA probe were used for hybridization 

(Figure 7). A Tom1 sense mRNA probe was used as a negative control for E10.5 embryos 

and mRNA probes against mouse and chick Shh were used as a positive controls for all 

stages of embryos (Figure 11A, C; Figure 12A, C, E). The mouse Tom1 riboprobes were 

verified by performing in situ hybridization on electroporated chick embryos 

overexpressing mouse Tom1 in the neural tube (Figure 12G). The Tom1 mouse mRNA 

probe detected electroporated cells confirming that the probe detects Tom1 mRNA under 

our experimental conditions (Figure 12G, arrows).  

 

Tom1 Protein is Expressed in the Mouse Embryo and in the Adult Cerebellum.  

Given that the Tom1 mRNA expression pattern was inconclusive, Tom1 protein 

distribution in the developing nervous system was investigating using a commercial 

antibody. Endogenous Tom1 was stained using a monoclonal antibody against Tom1 

(Abgent; Table 3 and 5). Tom1 protein was detected in E10.5 whole embryo lysates by 

Western blot indicating that it was expressed in the embryo (Figure 13D). 

To determine the distribution of Tom1 in the developing spinal cord, transverse 

sections of mouse E9.5 neural tube were immunostained using a horse radish peroxidase 

(HRP) amplification and detection kit and compared to control sections stained with the 
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FIGURE 13. Tom1 protein expression in the embryonic spinal cord. (A, A’) Tom1 
immunohistochemistry on transverse sections of mouse E9.5 spinal cords. Tom1 showed 
a cytoplasmic localization (A’ arrow). (B ,B‘) Mouse IgG negative control. (C, C’) Tom1 
staining in mTom1 electroporated chick E3.5 spinal cords (24 hours post-electroporation; 
arrow in C’). (D) Western blot for Tom1 protein in E10.5 wild-type and Ptch1Wig whole 
embryo lysates. Notocord (nc). 
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same concentration of mouse IgG (Figure 13A-B). Tom1 protein was detected in the 

mouse embryonic spinal cord at E9.5, with slightly higher expression in the dorsal half of 

the neural tube. Tom1 protein was found throughout the cytoplasm, consistent with the 

pattern that was also observed when overexpressed in the chick neural tube (Figure 13A’, 

arrow). Control mouse IgG staining did not reveal any positive cells within the neural 

tube. Transverse sections of electroporated chick E3.5 spinal cords overexpressing mouse 

Tom1 were used as a positive control (Figure 13C). Interestingly, the expression pattern 

in the neural tube of Tom1 was inversely correlated to Ptch1 activity levels, which are 

high in ventral neural tissues. The Ptch1 LacZ transgenic mouse is a read-out for Shh 

signaling because Ptch1 is a target of the pathway. Thus, the inverse correlation of Tom1 

protein expression with Shh activity suggests that Tom1 may be involved in controlling 

the extent of Shh signaling in target cells in the developing nervous system.  

Tom1 was previously reported by the Human Protein Atlas to be highly expressed 

in the human adult cerebellum (http://www.proteinatlas.org/ENSG00000100284/normal). 

Shh signaling is extremely important for development of the cerebellum and Shh 

components continue to be expressed in the adult cerebellum (Petralia et al. 2012). The 

adult cerebellum can be subdivided into three distinct layers: The molecular cell layer, 

the Purkinje cell layer and the granular cell layer. A recent study found that Ptch1 is 

expressed in Purkinje cells, granule cells and molecular layer interneurons of the adult rat 

cerebellum (Petralia et al., 2012). Furthermore, Ptch1 is associated with the postsynaptic 

dendritic spines of neurons, localizing to cell surface, and endosomes (Petralia et al., 

2012). Tom1 expression in the adult cerebellum was confirmed using 

immunohistochemistry (Figure 14A). Tom1 was located in the Purkinje cells and in  
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FIGURE 14. Tom1 protein expression in the adult mouse cerebellum. (A) Tom1 
immunostaining of the adult mouse cerebellum. Tom1 localizes to Purkinje cells 
(arrowhead) and interneurons of the MCL (arrow). (B) Control Mouse IgG 
immunostaining. Abbreviations:  GCL, Granular cell layer; PCL, Purkinje cell layer; 
MCL, molecular cell layer.
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interneurons of the molecular layer (Figure 14A, arrowhead, arrow). Consistent with 

expression in the neural tube, Tom1 had a cytoplasmic localization. These results confirm 

the presence of Tom1 in two regions of Ptch1 expression: the developing neural tube and 

the adult cerebellum.  

 

Tom1 Does Not Affect Dorso-Ventral Patterning of the Chick Neural Tube. 

Given that Tom1 interacts with Ptch1Wig and its expression pattern overlaps with 

Ptch1 in the mouse, a functional role for Tom1 in Shh signaling through its interaction 

with Ptch1 was investigated. The ventral neural tube has well-defined progenitor domains 

arranged along the ventral-to-dorsal axis that differentiate in response to graded Shh 

(Figure 1). Overexpression of genes affecting Shh signaling at stages when these domains 

are being established also affects the development of these discrete progenitor domains 

(Briscoe et al., 2001; Stamataki et al., 2005). Overexpression of a Ptch1 mutant that 

cannot bind Shh but still can inhibit smoothened (Smo; Ptch1ΔLoop2) causes a down 

regulation of Nkx2.2 and ventral expansion of Pax6 in the developing chick spinal cord 

(Briscoe et al., 2001). Furthermore, overexpressing growth arrest-specific protein 1 

(Gas1), which is a facilitator of Shh signaling, expands the Nkx2.2 progenitor domain 

(Martinelli & Fan, 2007). Therefore, the chick neural tube is a useful system to 

functionally assess the effect of any given gene on Shh signaling.  

To assess if Tom1 plays a functional role in Shh signaling Tom1 was 

overexpressed on one side of the chick neural tube (HH stages 8-11). At this stage, neural 

progenitor domains are being established in the chick embryo. Therefore it is an ideal 

time to test the ability of a candidate factor to alter Shh signaling dependent progenitor 
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development. To do this, a bicistronic plasmid expressing both Tom1 and enhanced green 

fluorescent protein (EGFP; to monitor transfection efficiency) was injected into the 

lumen of the neural tube and the embryo was electroporated. This caused the construct to 

be expressed in cells on one side of the neural tube allowing for an internally controlled 

comparison of progenitor domains between the electroporated and unelectroporated sides. 

The effect of Tom1 overexpression on progenitor domain populations induced by Shh 

signaling was evaluated by examining motoneuron progenitors with an antibody against 

Olig2, and V3 interneuron progenitors by an Nkx2.2 antibody. If Tom1 is a negative 

regulator of Ptch1, it is expected it would have a positive effect on Shh signaling and 

cause a dorsal shift in ventral progenitor domains inducted by Shh. 

Tom1 overexpression caused a dorsal shift in both the Nkx2.2 (45%, n=31) and 

Olig2 (45%, n=40) ventral progenitor domains compared to the unelectroporated side 

(Figure 15). A shift was defined as a change in more than one cell layer in the progenitor 

domain compared to the unelectroporated side. However, this effect was also observed, 

although to a lesser extent, in control embryos electroporated with a construct only 

expressing EGFP (Nkx2.2 27% n=22; Olig2 37% n=30). Figure 15 shows examples of 

experimental and control embryos without a shift and with a shift in Nkx2.2 and Olig2 

progenitor domains.  

Pax6 is a transcription factor that is expressed throughout the neural tube 

outlining ventral interneuron progenitors V0-V2. It is excluded from the Nkx2.2-positive 

V3 progenitors. Pax6 is expressed in a gradient, with low levels ventrally and high levels 

dorsally, and its expression is repressed by high levels of Shh (Ericson et al., 1997).  
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FIGURE 15. Functional in vivo assay for Tom1 in Shh-mediated spinal cord 
patterning. Transverse sections of E3.5 chick embryonic spinal cords 24 hours post-
electroporation immunostained for p3 progenitor marker Nkx2.2 and pMN progenitor 
marker Olig2. (A-D) Nkx2.2 p3 staining (red) following Tom1pIRES2-EGFP (A, A’, C, 
C’) overexpression vs. control pEGFP-N1 control electroporations (B, B’, D, D’). 
Progenitor marker signal is shown as red in merge images with GFP transfected spinal 
cords and as black and white images to reveal shifts. (E-H) Olig2 pMN staining (red) 
following Tom1pIRES2-EGFP (E, E’, F, F’) overexpression vs. control pEGFP-N1 
control electroporations (G, G’, H, H’).
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Therefore Pax6 is expressed in a graded fashion to differing levels of Shh. This makes it 

an excellent candidate to assess genes that may have a positive effect on Shh signaling, as 

its expression may be more susceptible to fluctuations in Shh signaling than the Nkx2.2- 

and Olig2-progenitor domains. Therefore the effect of Tom1 electroporation on Pax6 

expression in the neural tube was evaluated. Both EGFP and Tom1 overexpression 

caused a repression of Pax6 in the ventral chick neural tube. However, this effect was 

only observed in 24% (n=17) of Tom1 electroporated embryos and 20% (n=15) of EGFP 

electroporated embryos (Figure 16). Figure shows examples of normal Pax6 expression 

and Pax6 repression on the electroporated side of the embryo. Therefore, overexpression 

of Tom1 was not found to have a consistent effect on Pax6 expression in the chick 

embryo.  

 

Tom1 and Ptch1 Co-localize when Co-expressed in Cell Culture 

Tom1 overexpression was not found to have an effect on dorsal-ventral patterning 

of the chick neural tube, however overexpression of Tom1 alone may not be sufficient to 

induce a functional consequence on downstream Shh signaling. Alternatively Tom1 may 

regulate Ptch1 in other tissues besides the developing neural tube. To investigate these 

two possibilities we used a cell culture model system to explore the nature of the 

interaction between Ptch1 and Tom1. To do this we used HEK293 cells, as they are easily 

transfected, well-suited for co-immunoprecipitation studies, and were used to obtain the 

proteomic data that that implicated an interaction between Ptch1 and Tom1.  

Previous studies overexpressing Ptch1 have reported that Ptch1 is constitutively 

endocytosed and co-localizes with Rab7 positive vesicles (Incardona et al., 2000, 2002;  
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FIGURE 16. Tom1 electroporation did not affect specification of the Pax6 
progenitor domain. Transverse sections of E3.5 chick embryonic spinal cords 24 hours 
post-electroporation immunostained for interneuron progenitor marker Pax6. (A-D) Pax6 
immunostaining (red) in Tom1pIRES2-EGFP (A, C) and pEGFP-N1 electroporation 
spinal cords (B, D). Tom1pIRES2-EGFP and pEGFP-N1 electroporation (B, C) either 
had no effect on Pax6 progenitor domain (A’ and B‘) or produced dorsal contraction in 
Pax6-positive cells on the electroporated side (C’ and D’).  
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Gallet and Therond, 2005; Callejo et al., 2007). In order to ensure Ptch1 behaves the 

same way in HEK293 cells, Ptch1 was transfected and cells were immunostained for both 

Ptch1 and Rab7. Ptch1 and Rab7 co-localized in small punctae, verifying our expression 

system (Figure 17, arrows).   

To determine if Tom1 and Ptch1 could be found in the same compartment in the 

cell a subcellular fractionation was conducted. Wild-type Ptch1 alone or with Tom1 was 

overexpressed in HEK293 cells.  Cells were then lysed and subjected to a subcellular 

fractionation. Fractionation of cells revealed that Ptch1 is present in both the membrane 

soluble and insoluble fractions while Tom1 is present in the cytoplasmic and membrane 

soluble fractions (Figure 18A). Co-expression of Tom1 and Ptch1 did not change the 

distribution of Ptch1 in each fraction. 

Since both Ptch1 and Tom1 were found in the membrane soluble fraction, the 

subcellular localization of Tom1 and Ptch1 was investigated in cultured HEK293 cells 

using immunofluorescence. Plasmids expressing Tom1 and Ptch1 were transfected, 

immunostained, and visualized using confocal microscopy. First, the subcellular 

distribution of wild-type Ptch1 transfected alone was evaluated. When transfected alone 

Ptch1 localized to punctate structures throughout the cell and concentrated at the 

perinuclear region (Figure 17A &18C).  

In contrast, when Tom1 was overexpressed alone it was found throughout the 

cytoplasm of the cell and occasionally in punctate structures, consistent with previous 

reports of overexpressed Tom1 subcellular localization (Figure 18B; Katoh et al., 2004; 

Katoh et al, 2006). Furthermore this subcellular localization agrees with our observations 

both when Tom1 is overexpressed in cells of the developing chick spinal cord and  
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FIGURE 17. Ptch1 was detected in late endosomes in HEK293 cells. (A-C) Ptch1 
transfected cells immunostained for Ptch1 (A), late endocytic marker Rab7 (B), and 
merged image (C). Arrows points to co-localized punctae. 
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FIGURE 18. Tom1 overexpression promoted the formation of Ptch1 cytoplasmic 
aggregates in HEK293 cells. (A) Ptch1 and Tom1 immunoblot of lysates from a 
subcellular fractionation of HEK293 cells.  Ptch1 localized to the membrane soluble and 
membrane insoluble fraction, while Tom1 localized to the cytoplasmic and membrane 
soluble fractions. (B) Tom1 immunostaining throughout the cytoplasm in HEK293 cells 
following Tom1 transfection. (C) Ptch1 immunostaining following Ptch1 transfection in 
HEK293 cells. Ptch1 staining concentrated around the perinuclear region, but was widely 
distributed throughout the cell. (D-F) Tom1 (D), Ptch1 (E) immunostaining following 
their co-transfection in HEK293 cells. (F) Merged image showed that both Tom1 (red) 
and Ptch1 (green) strongly co-localized to a single aggregate. Ptch1 exclusively localized 
to the aggregate following co-transfection with Tom1. Scale bar 10µm. 
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endogenous Tom1 expression in the developing neural tube and cerebellum (Figures 

13&14).  

When Tom1 and Ptch1 were overexpressed in the same cell, they showed a 

distinctly different localization. Tom1 remained weakly dispersed throughout the 

cytoplasm but also became highly localized to a circular aggregate in the perinuclear 

region (Figure 18 D-F). When overexpressed with Tom1, Ptch1 became strongly 

restricted to this aggregate. Aggregates were also found in cells overexpressing only 

Ptch1, but significantly more aggregates were found in cells that expressed both Tom1 

and Ptch1: 17% of cells transfected with Ptch1 vs. 49% of cells transfected with both 

Ptch1 and Tom1 (Students t test p <0.001; Figure 19). No aggregates were found in cells 

expressing Tom1 alone. Aggregates containing Ptch1 and Tom1 were not nonspecific 

protein aggregates because co-transfected EGFP did not localize to them (Figure 19 B-

D). Overexpressed Ptch1 has previously been shown to induce apoptosis (Thibert et al., 

2003). Therefore we assessed transfected cells for the apopototic marker cleaved caspase 

3. Transfected cells did not stain positively for cleaved caspase 3 (Figure 20). 

To determine the identity of these aggregates the cells were stained using an 

antibody specific for both mono- and poly ubiquitinated proteins (Table 3). Ptch1 and 

Tom1 positive aggregates stained positively for ubiquitinated proteins (Figure 21A-C). 

Aggregates that formed when Ptch1 was transfected alone also stained positively for 

ubiquitinated proteins but not as strongly (Figure 21D-F). This indicated that Tom1 may 

promote the localization of ubiquitinated Ptch1 to a large perinuclear structure in the 

cytoplasm. 
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FIGURE 19. Quantification of aggregate formation in Ptch1 and Tom1 co-
transfected HEK293 cells. (A) Aggregates formed in 17% (SD 3.13) of cells transfected 
with Ptch1 alone. Ptch1 and Tom1 co-transfection promoted Ptch1-positive aggregate 
formation in 49% (SD 2.31) of cells of  (n=3, 100 cells counted per sample). **, P<0.001, 
student’s t-test. (B-D) Ptch1 positive aggregates in cells expressing Ptch1 and Tom1 do 
not contain EGFP in control experiments. Aggregates in cells stained for Ptch1 (B), 
EGFP localization (C) and merged image (D).  
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FIGURE 20. Ptch1 and Tom1 transfected cells do not stain positively for cleaved 
caspase 3. Cleaved caspase 3 immunostaining in HEK293 cells transfected with Tom1 
and Ptch1 (A; Ptch1 immunostaining, green; Tom1 transfected cells, red), Ptch1 alone (B; 
Ptch1 immunostaining, green), Tom1 alone (C; Tom1 transfected cells, red), and empty 
vector (D; Transfected cells, red). No transfected cells stain positively for cleaved 
caspase 3. 
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FIGURE 21. Ptch1-positive aggregates co-localized with ubiquitinated proteins. (A-
C) Immunostaining of Ptch1 (A), ubiquitinated proteins (FK2 antibody, B), and merged 
signal (C). Ptch1 and Tom1 co-transfected HEK293 cells form aggregates that co-
localized strongly with FK2 a marker for ubiquitinated proteins. (D-F) Ptch1 alone 
transfected cells stained for Ptch1 (D), ubiquitinated proteins (FK2, E), and merge (F), 
showing Ptch1-positive punctate occasional co-localized with ubiquitinated proteins. 
Scale bar 10µm. 
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FIGURE 22. Ptch1Wig did not form aggregates when co-expressed with Tom1. (A) 
Ptch1 immunostaining following Ptch1Wig alone transfection in HEK293 cells. (B-D) 
Immunostaining in Ptch1Wig and Tom1 co-transfected HEK293 cells for Ptch1 (B), Tom1 
(C), and merge (D). Ptch1Wig and Tom1 co-localized weakly when overexpressed and did 
not form aggregates. 
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When Ptch1Wig was expressed alone it appeared to localize throughout the cell in 

punctate structures and at the plasma membrane (Figure 22A). Interestingly, when 

Ptch1Wig and Tom1 were overexpressed together they co-localized only minimally and  

did not form aggregates (Figure 22B-D). Furthermore, Ptch1Wig co-expressed with Tom1 

appeared to associate more closely with the perinuclear region, but this finding needs to 

be reproduced (Figure 22B). One clear difference between wild-type and Ptch1Wig 

localization following Tom1 overexpression is that Ptch1Wig failed to form a single highly 

concentrated perinuclear aggregate, and much staining remained scattered throughout the 

cytoplasm. Altogether the findings described here implicate a non-essential role for Tom1 

is regulating Ptch1 cytoplasmic localization, but also revealed that Tom1 is not critically 

required to regulate Ptch1 function in Shh signaling in the spinal cord. 
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CHAPTER 4: DISCUSSION 

Summary 

The hedgehog pathway plays important roles in vertebrate development and 

tumorigenesis. A key regulator of sonic hedgehog (Shh) signaling is the transmembrane 

receptor Patched1 (Ptch1). While Ptch1 plays a crucial role in regulating the extent of 

Shh signaling in developing tissues, it is not yet clear how this receptor is turned over in 

the cell. The purpose of this thesis was to identify novel regulators of Ptch1. To this end, 

these results revealed that target of myb1 (Tom1) may be a novel regulator of Ptch1 

endocytic cycling. It was shown that Tom1 interacted with the N-terminal portion of the 

Ptch1 (called Patched1 Wiggable; Ptch1Wig) and was expressed in the developing mouse 

embryo and the adult mouse cerebellum. In addition, Tom1 was shown to have a 

cytoplasmic localization when detected endogenously and when overexpressed. 

Interestingly, when Tom1 was co-expressed with Ptch1 in human embryonic kidney 

(HEK293) cells, both proteins localized to large aggregates in the perinuclear region. 

However when Tom1 and Ptch1Wig were co-expressed, Ptch1Wig did not form aggregates. 

Furthermore, these results suggested that Tom1 did not have a functional role in Shh 

signaling during neural development, as the overexpression of Tom1 in the developing 

chick neural tube did not have an effect on dorso-ventral patterning of progenitor domain 

populations. However, given that Tom1 was also expressed in Shh target tissues in the 

adult brain, it is possible that it does play a role in the regulation of Ptch1 function there.  
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Tom1 Interacts with Ptch1Wig but not Wild-type Ptch1 

To validate a role for Tom1 in controlling Ptch1 endocytic cycling or degradation, 

the association of these two proteins was investigated using immunoprecipitation 

experiments in HEK293 cells. Interestingly, while Tom1 did not interact with the wild-

type Ptch1 protein it did interact with a C-terminal truncated form of Ptch1 called 

Ptch1Wig. This result was surprising as the immunofluorescence data show that Ptch1Wig 

and Tom1 only co-localize occasionally while wild-type Ptch1 and Tom1 co-localize in 

perinuclear aggregates.  

There are several reasons why Tom1 might not have been detected in 

immunoprecipitated lysates even if they do in fact bind. First, Ptch1Wig is approximately 

90kD and has 7 transmembrane domains while wild-type Ptch1 is approximately 150kD 

and has 12 membrane spanning domains. Therefore, Ptch1Wig protein is more readily 

solubilized during protein extraction. The conditions used to extract wild-type Ptch1 from 

the membrane may not have allowed for the maintenance of the Ptch1-Tom1 interaction. 

Furthermore the co-immunoprecipitation of Ptch1Wig was conducted using stable cell 

lines expressing Ptch1Wig while the co-immunoprecipitation of wild-type Ptch1 was 

conducted using transient overexpression. Stable cell lines expressing lower levels of 

Ptch1Wig may have allowed for the maintenance of the Tom1- Ptch1 interaction.  

Interestingly, previous research suggests the C-terminal portion of Ptch1 regulates 

its turnover (Lu et al., 2006; Kawamura, 2008). Since Ptch1Wig is missing the C-terminal 

portion of the Ptch1 protein, it is likely that Ptch1Wig has a longer half-life than wild-type 

Ptch1. Anecdotally, Ptch1Wig appeared to be present more at the cell surface than wild-
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type Ptch1, which concentrates around the perinuclear region. If Tom1 interacts with 

Ptch1 at the cell surface or at early endosomes, Ptch1Wig may encounter Tom1 more often 

allowing for detection by co-immunoprecipitation. In order to test this possibility, co-

immunoprecipitation with wild-type Ptch1 could be conducted after inhibiting early 

endosome maturation to late endosome using the vacuolar ATPase inhibitor 

concanamycin A (Incardona et al., 2000, 2002). An alternative possibility is the 

association of Ptch1 with Tom1 causes ubiquitination and destruction of the complex. 

Therefore detection of the interaction would not be possible. In order to test this, the co-

immunoprecipitations experiments could be repeated using the proteosome inhibitor 

MG132. 

 

Expression of Tom1 in Embryo and Adult Cerebellum 

To my knowledge this study is the first to investigate the expression of Tom1 in 

the developing mouse and chick embryo. Using RT-PCR and Western blot it was shown 

that Tom1 is expressed at E10.5 in the mouse embryo and at E3.5 in the chick embryo. At 

these stages in the chick and mouse embryo Shh signaling is patterning the nervous 

system and Ptch1 is highly expressed (Matise and Wang, 2011). Tom1 mRNA in all 

embryo stages studied appeared to be low and ubiquitous expression with no apparent 

increased labeling of distinct structures. Tom1 protein expression was also low, and 

enhancement of the signal was necessary to detect its expression. Interestingly, Tom1 

protein was expressed in the E9.5 neural tube and appeared to have higher levels dorsally 

than ventrally. This pattern was the inverse of the Ptch1 expression pattern. It is 
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interesting to speculate that Tom1 could be involved in negatively regulating Ptch1 

protein levels throughout the neural tube during patterning.  

In contrast to Tom1 expression in the embryo, high throughput expression screens 

have suggested that Tom1 has a tissue specific expression pattern in the adult. Using 

antibody-based proteomics, the Human Protein Atlas (www.proteinatlas.org) found that 

Tom1 is expressed in molecular layer interneurons and Purkinje cells, and is absent from 

the granular cell layer of the human adult cerebellum. These results confirmed that the 

adult mouse cerebellum also expresses Tom1 in the molecular layer and in Purkinje cells.  

In addition to the role of Shh in patterning the embryo, Shh and downstream 

components, including Ptch1, continue to be expressed in the adult. Recently Petralia et 

al. (2011 and 2012) examined the subcellular distribution of Ptch1 and Smo in the adult 

cerebellum and hippocampus. Interestingly they found that Ptch1 and Smo are localized 

to dendritic spines, endosomes and autophagosomes. Tom1 localizes to endosomes 

through its interaction with Endofin and Tollip. Interestingly, Tom1 was recently shown 

to be involved in the delivery of endosomes to autophagosomes and their subsequent 

fusion with the lysosome (Tumbarello et al., 2012). These observations suggest that 

Tom1 may play a role in shuttling Ptch1 in various subcellular compartments such as 

endosomes and autophagosomes. 

During development, Shh diffusing from the Purkinje cells induces the 

proliferation of granular neuronal precursors and differentiation of Bergmann Glia 

(Dahmane and Altaba, 1999). However, the role of Shh in the adult cerebellum is 

unknown. It is possible that Tom1 in the adult cerebellum may regulate an alternative 
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endocytic cycling pathway for Ptch1. However this is speculative and more research will 

have to be done to investigate this possibility.   

 

Tom1 Does Not Have a Functional Role in Dorso-ventral Patterning of the Neural 
Tube 

The role for Tom1 in Ptch1-mediated Shh signaling is not known. However, the 

cellular and biochemical analyses indicated that Tom1 may play a role in subcellular 

localization of Ptch1. Therefore, Tom1 function in Shh signaling was analyzed in the 

context of neural tube patterning, which is highly influenced by Shh. The hypothesis 

addressed was, if Tom1 plays a role in Ptch1 endocytosis and ultimately destruction, then 

its overexpression should result in the expansion of ventral progenitor identity in the 

developing spinal cord. 

 The results indicated that Tom1 overexpression does not alter Shh signaling in 

the developing neural tube. Electroporation of Tom1 or EGFP caused shifts in Nkx2.2, 

Olig2 and Pax6 progenitor domains. These shifts were qualitatively similar in both 

conditions, and only amounted to one or two cell layers, or a few ectopic cells.  It is 

unclear why this effect was observed only on the electroporated side in both experimental 

and control conditions. However, GFP, and the bacterial protein lipopolysaccharide 

(LPS) have both previously been reported to be cytotoxic (Lui et al., 1999; Cotton et al., 

1994). LPS is a major component of the gram-negative bacterial cell wall, in which the 

plasmid DNA was amplified and is a common contaminant of plasmid DNA preparations 

(Cotton et al., 1994). Given that both experimental and control vectors used for 

electroporation also expressed GFP, and were prepared under the same conditions, one 

possibility is that electroporation of plasmid DNA was slightly toxic to cells under the 
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conditions used. Indeed anecdotally it was observed that the electroporated side is 

sometimes smaller than the unelectroporated side. As Shh is a diffusible protein, fewer 

cells might allow the protein to diffuse further causing induction of downstream target 

genes more dorsal that normal, producing the observed effects on patterning.  

There are several reasons why there might not be an effect on Shh patterning in 

response to Tom1 overexpression. First it was shown that Tom1 is already expressed in 

the developing neural tube. Tom1 may be required for proper Ptch1 endocytic cycling, 

but expressing excess Tom1 may not cause this process to occur more efficiently and 

therefore have no effect on target gene activation. Another possibility is Tom1 may be 

altering Ptch1 endocytic cycling after Shh has already induced the activation of target 

genes. In Drosophila, blocking dynamin-mediated endocytosis of Ptch1 does not affect 

Shh target gene activation suggesting endocytosis is not required for normal Shh 

signaling (Torroja et al., 2004). If Tom1 were acting downstream of endocytosis and 

facilitating Ptch1 degradation, Shh signal transduction may have already been relayed to 

the cell and patterning would not be affected. 

 However in contrast to studies in Drosophila, using chick embryo explants 

Incardona et al., (2002) found that disrupting the late endosome also disrupted 

downstream Shh signaling. This suggested that endosomal sorting, at least in vertebrate 

cells, is required for proper Shh signaling. Furthermore, Rohaghi et al., (2007) suggested 

that Ptch1 is normally present at the primary cilium and removal of Ptch1 from the 

primary cilium allows for a concomitant increase of Smo required for pathway activation. 

Together this evidence suggests that endocytic regulation of Ptch1 and the Ptch1-Shh 

complex is critical to the regulation of downstream signaling. 
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Yet another explanation for why there was no observed effect of Tom1 

overexpression is the deficiency of another protein required for Tom1 function. Tom1 

interacts and is targeted to the endosome by both Tollip and Endofin. Indeed 

overexpression of Tom1 has a cytoplasmic localization, while overexpressing both Tom1 

with Tollip or Endofin causes a punctate endosomal pattern of expression (Katoh et al., 

2004; Seet et al., 2004). Localization of Tom1 to the endosome may be necessary for its 

functional regulation of Ptch1. Therefore Tom1 overexpression alone may not be 

sufficient to perturb signaling. 

 

Non-canonical Hedgehog Signaling 

In addition to the role of Shh in patterning, several non-canonical signaling 

pathway’s initiated by Ptch1 have been found (Jenkins, 2009). Ptch1 is thought to act as a 

dependence receptor promoting apoptosis in the absence of Shh (Thibert et al., 2003; 

Fombone et al., 2012). Furthermore unbound Ptch1 has been shown to bind cyclin B1 

preventing its translocation to the nucleus and promotion of cell cycle progression 

(Barnes et al., 2001). Endocytic cycling of cell surface receptors has recently been 

implicated in having diverse effects on how the cell receives and interprets extracellular 

signals (Platta and Stenmark, 2011). Indeed it has been shown that the duration the cell 

receives the signal as well as the subcellular localization of endocytosed receptors can 

have diverse effects on downstream signaling (Nowak et al., 2011). It is possible that 

endocytic regulation by Tom1 could be affecting another function of Ptch1 or Shh apart 

from canonical Smo and Gli mediated signal transduction. This would not have been 

detected by assessing dorso-ventral patterning of the spinal cord. However, more research 



 79

assessing the other functions of Ptch1 including apoptosis and cell cycle progression are 

needed to assess this possibility.  

 

Tom1 and Ptch1 Co-localize in Perinuclear Aggregates 

To examine the subcellular relationship between Tom1 and Ptch1, proteins were 

overexpressed in HEK293 cells. Overexpression of Tom1 and Ptch1 together caused their 

accumulation in large aggregates in the perinuclear region. In the absence of Tom1, Ptch1 

also localized to similar structures but less strongly and frequently, while Tom1 never 

showed this pattern in the absence of Ptch1. Importantly, the protein aggregate stains 

positively for ubiquitinated proteins. To my knowledge this is the first time in 

mammalian cells that Ptch1 has been shown to co-localize with markers for ubiquitinated 

proteins, and this is the first time Tom1 has been shown to localize in large protein 

aggregates. This supports the hypothesis that Ptch1 is ubiquitinated as part of its turnover 

and suggests that Tom1 may play a role in aggregate formation and/or clearance from the 

cell.  

Ptch1 is thought to be ubiquitinated because the C-terminus of Ptch1 co-

immunoprecipitates with the E3 ubiquitin ligases Smurf2 and Nedd4 (Lu et al., 2006). E3 

ubiquitin ligases catalyse the third and final step of ubiquitination resulting in the 

attachment of ubiquitin to a lysine residue. Furthermore Ptch1 ubiquitination is thought to 

target it to the lysosome for degradation (Gallet and Therond 2005; Incardona et al., 

2000; Torroja et al., 2004).  Thus, Ptch1 ubiquitination has important consequences for 

Ptch1 turnover and competence to respond to Shh signaling. Several lines of evidence 

suggest that Tom1 is involved in the process degradation of ubiquitinated proteins from 
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the endosomal pathway. First, Tom1 is known to interact with ubiquitinated proteins 

through its GAT and possibly VHS domain (Shiba, 2003; Akutsu et al., 2005). Also, 

along with Tollip, Tom1 is capable of recruiting ubiquitinated proteins to the early 

endosome (Katoh et al., 2004). Furthermore, knockdown of Tom1 in HeLa cells causes 

the accumulation of endosomes containing ubiquitinated proteins (Tumbarello et al., 

2012).  

Interestingly, knocking down the ESCRT-0 protein Hrs in Drosophila imaginal 

wing disc caused the accumulation of Ptch1 in large endosomes that also stained 

positively for ubiquitinated protein. Hrs and Tom1 are thought to share a similar function 

as they both contain a VHS domain, bind ubiquitinated proteins and clathrin, and are 

targeted to the endosomal membrane (Jekely and Rorth, 2003; Wang et al., 2010). Given 

that Tom1 binds ubiquitinated proteins, Ptch1 is ubiquitinated and that both proteins co-

localize in aggregates of ubiquitinated proteins it is likely that Tom1 binds to 

ubiquitinated Ptch1.   

When Ptch1 and Tom1 are expressed together the structure that forms resembles 

an aggresome. Aggresomes are juxtanuclear inclusion bodies (protein aggregates) that 

can form in response to proteosome inhibition, cell stress or overexpression of certain 

proteins (Johnsten et al., 1998). Aggresomes are thought to form as the result of the 

accumulation of misfolded proteins that overwhelm both the chaperones that correct 

misfolding and cellular degradation machinery (Johnston et al., 1998; Corbey et al., 

2005). They localize to the centrosome and stain positively for ubiquitinated proteins 

(Corbey et al., 2005). Aggresomes are then subsequently removed from the cell by 

autophagy. It is likely that aggregates containing Tom1 and Ptch1 that were observed are 
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in fact aggresomes, however, in order to verify the identity of these structures, 

confirmation that they localize to the centrosome is required. 

There is some debate as to whether the formation of aggresomes promotes cell 

survival or is instead cytotoxic to the cell. One study found that aggresome formation 

impairs the ubiquitin-proteosome system (Bence et al., 2001). Given the importance of 

this system in cellular regulation of the proteome, this suggests that it would impair cell 

function and eventually cause cell death. However, most recent research suggests that 

aggresomes are protective, because they sequester potentially toxic proteins and facilitate 

their clearance from the cell by autophagy (Olzman et al., 2008). 

Inclusion bodies are observed in many diseases including Huntington’s disease, 

Cystic fibrosis, ALS and Alzhiemer’s Disease (Olzman et al., 2008). Aggresome 

formation is largely an artifact of cell culture, but studying it provides important insights 

into how protein aggregates are formed and cleared from the cell. Interestingly 

autophagic machinery, including the protein microtuble associated protein light chain 3 

(LC3), which is widely used as an autophagosome marker, accumulates at the aggresome 

as well (Jänen et al., 2010).  

 A recent report also showed for the first time that Tom1 plays an important role 

in autophagic degradation from the endocytic pathway. Tumberello et al. (2012) showed 

that Tom1 interacts with myosin VI through it C-terminus (final 104 aa). Myosin VI is a 

retrograde actin motor protein important for endocytic vesicle delivery to 

autophagosomes, and autophagosome subsequent fusion with the lysosome. Tom1 was 

found to be required for targeting of myosin VI to Rab5 positive vesicles (a marker for 

early endosomes) as loss of Tom1 resulted in loss of myosin VI and Rab5 co-localization 
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(Tumberello eta al., 2012). Strikingly, loss of Tom1 also causes the accumulation of LC3 

positive autophagosomes and accumulation of ubiquitin positive punctate. This is similar 

to what was observed when Hrs was knocked out in the Drsosophila wing imaginal disc. 

However, knocking down myosin VI prevented fusion of endocytic vesicles with 

autophagosome (Tumberello et al., 2012). If Tom1 overexpression were facilitating Ptch1 

localization from the endocytic pathway to the autophagosome, the protein aggregation 

that I observed may reflect the limited capacity of the cell to degrade the large amount of 

protein directed through this pathway. Cellular machinery such as myosin VI may be 

limited and therefore efficient degradation of protein may not be possible causing 

aggregates to form. 

Alternatively, overexpressed Ptch1 may overwhelm the protein synthesis 

apparatus causing it to be misfolded, and preventing it from being properly inserted into 

the membrane. Tom1 may be therefore be involved in aggresome formation sequestering 

and transporting insoluble Ptch1 aggregates to the microtubule organizing centre for more 

efficient degradation. To test whether or not Ptch1 aggregates are composed of protein 

delivered from the cell surface, fluorescently labeled dextran could be used to label the 

endocytic pathway in Tom1 and Ptch1 co-transfected cells (Incardona, 2000). Co-

localization between the dextran and Ptch1 would indicate it was transported from the 

cell surface.  

Although most reports of Tom1 subcellular localization suggest that Tom1 

localizes to the cytoplasm and endosomes, the human protein atlas found that Tom1 

associates with the centrosome in the cell line A431 

(http://www.proteinatlas.org/ENSG00000100284/subcellular). This staining appears 
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similar to Tom1 localization when overexpressed with Ptch1. A431 is a squamous 

carcinoma cell line known to express abnormally high levels of the epidermal growth 

factor receptor (EGFR). Tom1 interacts with endofin, which is phosphorylated in 

response to EGF signaling and co-localizes with EGFR on endosomes (Seet et al., 2004; 

Toy et al., 2010). However, Tom1 has not been shown to be involved in EGF signaling 

but this suggests localization to the centrosome is a characteristic of Tom1 function. 

Tom1 protein expression is also regulated by the microRNA miR-126 (Oglesby et 

al., 2010). MiR-126 was recently reported to be downregulated in cystic fibrosis airway 

epithelial cells while Tom1 protein showed a concomitant upregulation (Oglesby et al., 

2010). Tom1 overexpression prevents the activation of the proinflammatory transcription 

factor NF-κB, by IL1β, TNFα and LPS (Oglesby et al., 2010; Yamanaki and Yokosawa, 

2004). This suggests that Tom1 has a negative role in the inflammatory response. 

Upregulation of Tom1 in cystic fibrosis epithelial cells may therefore reflect a 

compensatory mechanism in response to the excess inflammation that occurs in cystic 

fibrosis. Interestingly Tom1 protein is also upregulated (presumably through miR-126 

downregulation) in response to ER stress (Oglesby et al., 2010). In cystic fibrosis, 

aggregates containing cystic fibrosis transmembrane conductance receptor (CFTR) are 

found in patients’ airway epithelial cells but it is unclear if Tom1 upregulation plays a 

role in this or is activated as a compensatory mechanism (Luciani et al. 2010).  

Unexpectedly, transfecting Tom1 with Ptch1Wig does not cause Ptch1Wig to form 

aggregates. This suggests the C-terminal portion of Ptch1 may mediate this effect.  Given 

that the C-terminus is known to regulate Ptch1 turnover this may suggest Ptch1 
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aggregates form from Ptch1 traveling through a degradative pathway (Lu et al., 2006; 

Kawamura et al., 2008).  

In contrast, Ptch1Wig because of its smaller size (90kD vs 150kD) and the absence 

of the C-terminus, would be less prone to both degradation and aggregation. This begs 

the question of why an interaction between Ptch1Wig and Tom1 using co-

immunoprecipitation of Ptch1Wig stable cell lines was found, but Tom1 and Ptch1Wig did 

not co-localize when transfected together. However, in the Ptch1Wig stable cell lines the 

wild-type Ptch1 locus is intact. Given that Ptch1Wig acts as a Shh gain of function, and 

Ptch1 is a transcriptional target of Shh, Ptch1Wig expression would cause the upregulation 

of wild-type Ptch1. Ptch1 is thought to exist as a homotrimer (Lu et al., 2006), and in 

Drosophila, C-terminal truncations of Ptch1 are able to associate with wild-type Ptch1 

(Lu et al., 2006). Therefore Ptch1Wig is likely forming heterotrimers with wild-type Ptch1 

and this could mediate the interaction with Tom1. However in transient transfected cell 

lines, the amount of Ptch1Wig expression likely overwhelmed wild-type Ptch1 

upregulation, explaining why only minimal co-localization between Tom1 and Ptch1Wig 

was detected. 

Together my results suggest that Tom1 may be a regulator of Ptch1 endocytic 

cycling. Under my experimental conditions, Ptch1 is an aggregate prone protein. 

However, to my knowledge, Ptch1 has not been found to cause aggregates in cell culture 

or co-localize with markers for ubiquitinated proteins in vertebrates before. Furthermore, 

it was shown for the first time that Tom1 promoted the formation of Ptch1 aggregates. 

This is a significant finding since recent research has separately implicated a role for 

Tom1 in autophagy, as well as demonstrating Ptch1 localizes to the autophagosome 
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(Petrolia et al., 2011, 2012). It is interesting to speculate that endocytosed Ptch1 destined 

for degradation may not be transported directly to the lysosome, but may first fuse with 

the autophagosome. Overexpression of Tom1 may precipitate a degradation route for 

intracellular Ptch1, and this process most certainly requires a complex biochemical 

machinery to efficiently target Ptch1 to the autophagosome. Therefore, Tom1 could be a 

novel candidate involved in aggresome formation that can promote the targeting of Ptch1 

to the autophagosome. Given that Tom1 is upregulated in cysitic fibrosis leading to the 

formation of aggregates of the CFTR (Luciani et al., 2010), future studies should examine 

if Tom1 is also upregulated in diseases involving the aberrant formation of protein 

aggregates.  

 

Conclusions 

Understanding the endocytic cycling and degradation pathway of Ptch1 has 

important implications for how cells respond to levels of Shh signaling, in both normal 

and diseased tissues. This thesis has explored the role of Ptch1 endocytic cycling and 

aggresome formation, and has implicated the novel adapter protein Tom1 in this process. 

This work will lead to further studies that will determine how Tom1 affects Ptch1 steady 

state levels in live cells, and whether it is a contributing factor in tumors induced by 

aberrant Shh signaling.  
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