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…dedicated to my parents, who always answered my questions… 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Contrariwise, if it was so, it might be; and if it were so, it would be; but as it isn't, it ain't. 
That's logic. 

 
 
 
 
 
 
 

Alice laughed. 'There's no use trying,' she said. 'One can't believe impossible things.'  
 

‘I daresay you haven't had much practice,' said the Queen. 'When I was your age, I 
 always did it for half-an-hour a day. Why, sometimes I've believed as many as six 

impossible things before breakfast." 
 
  

— Lewis Carroll 
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2                                                                                                         SUMMARY 

 
 

Hedgehog is a lipid-linked morphogen that is carried on lipoprotein particles and that 

regulates both patterning and proliferation in a wide variety of vertebrate and 

invertebrate tissues. Hyperactivity of Hedgehog signaling causes numerous forms of 

cancer. Hedgehog acts by binding to its receptor Patched, relieving the suppression of 

Smoothened and initiating Smoothened signaling. The mechanism by which Patched 

represses Smoothened has been unclear, but correlates with reduced Smoothened 

levels on the basolateral membrane. The structural homology of Patched with the 

Niemann-Pick-Type C1 protein and bacterial transmembrane transporters suggests that 

Patched might regulate lipid trafficking to repress Smoothened. However, no 

endogenous lipid regulators of Smoothened have yet been identified, nor has it ever 

been shown that Patched actually controls lipid trafficking.  

This work shows that, in Drosophila melanogaster, the Sterol-Sensing Domain of 

Patched regulates Smoothened trafficking from Patched-positive endosomes. 

Furthermore, it demonstrates that Patched recruits internalized lipoproteins to Patched-

positive endosomes. Thereby, Patched regulates the efflux of specific lipoprotein-derived 

lipids from this compartment via its Sterol-Sensing Domain and utilizes these lipids to 

destabilize Smoothened on the basolateral membrane.  

We propose that Patched normally promotes Smoothened degradation and 

subsequently downregulates its activity by changing the lipid composition of endosomes 

through which Smoothened passes. For this purpose, Patched utilizes a specific lipid – 

possibly a modified sterol or sphingolipid – derived from lipoproteins. Further, we 

suggest that the presence of Hedgehog on lipoprotein particles inhibits utilization of their 

lipids by Patched. 
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3                                                                                              ABBREVIATIONS 

 

 
ABC   ATP-binding cassette 
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4                                                                                                   INTRODUCTION 

 

 
As an organism develops through life, it faces a crucial challenge – it has to 

establish an enormous palette of various tissues, each of them unique in its function and 

regulation. To achieve this, both vertebrate and invertebrate developmental processes 

need to be strictly controlled spatially and temporally on the cellular level. Thereby, 

morphogens are important performers of this pivotal role. They are regulatory molecules, 

which govern the pattern of tissue development and, in particular, the positioning of the 

specialized cell types within a tissue. Generally speaking, morphogens elicit numerous 

and diverse cellular responses, dependent on their specific concentration that reaches 

the cell. Normally, a morphogen is produced at a discrete source and gradually spreads 

throughout the tissue to create a concentration gradient. As a result, different cell fates 

are defined along such a gradient, each corresponding to a distinct morphogen 

concentration (Teleman et al., 2001; Martinez Arias, 2003). 

 

4.1 The morphogen Hedgehog in development, evolution and cancer 

Hedgehog is one of the most important morphogens regulating growth and 

differentiation and it is highly conserved throughout the majority of the animal kingdom. 

Hedgehog was first discovered in Drosophila melanogaster, where it functions to 

regulate the body segmentation in embryos. There, loss of Hedgehog signaling causes 

Drosophila embryos to develop abnormal cuticular spikes, inspiring the name 

“hedgehog” (Machold et al., 2003; Ingham and Placzek, 2006). Generally, Hedgehog 

controls the development of most organs in both vertebrates and invertebrates 

(McMahon et al., 2003; Ingham and Placzek, 2006). For instance, in the fly wing 

precursor – the wing imaginal disc – Hedgehog ensures the correct expression of the 
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target genes and subsequently proper development of the wing (Tabata and Kornberg, 

1994; Strigini and Cohen, 1997). In the third instar larva, the wing disc is an epithelial 

sheet and develops as a sack-like structure that will give rise to the adult wing (Fig. 4.1 

A). The Hedgehog protein is secreted by the cells of the posterior compartment and is 

transported to the adjacent anterior compartment, where it initiates an instructive signal 

to produce discrete cellular states in a concentration-dependent manner (Fig. 4.1 B) 

(Strigini and Cohen, 1999; Tabata, 2001; Teleman et al., 2001). 

 

 

Figure 4.1   Hedgehog is produced by the posterior compartment cells of the wing 

imaginal disc and signals by creating a concentration gradient in the tissue.  
(A) Schematic structure (left panel) and a cross-section (right panel) of a wing imaginal disc of a 

third instar larva. The wing disc is an epithelial sheet of cells covered by the peripodial membrane 

at the apical side. The wing pouch (yellow) gives rise to the adult wing blade and is patterned into 
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a dorsal (D), ventral (V), anterior (A) and posterior (P) compartment (adapted from (Butler et al., 

2003). (B) A schematic of Drosophila wing imaginal disc staining (adapted from (Callejo et al., 

2006). Hedgehog (Hh) is expressed in the posterior compartment cells of the wing imaginal disc 

and is marked by green staining. Patched (Ptc) expression is marked by red staining that appears 

as a stripe adjacent to the A/P boundary. Hh is spread to the receiving cells of the anterior 

compartment, where it creates a concentration gradient. There, distinct concentrations induce 

transcription of specific target genes, indicated by differently coloured bars – engrailed (en, blue) 

and ptc (ptc, pink) are high threshold targets, decapentaplegic (dpp, yellow) is a medium 

threshold target, and iroquois (iro, orange) is a low threshold target (adapted from (Wendler et al., 

2006). 

 

In vertebrates, genome duplication has given rise to multiple Hedgehog genes, 

among which Sonic Hedgehog is the most well studied (Echelard et al., 1993; Krauss et 

al., 1993; Riddle et al., 1993; Chang et al., 1994; Roelink et al., 1994). Nevertheless, the 

mechanism and the components of the signal transduction by the fly and mammalian 

Hedgehog proteins have remained largely conserved throughout evolution, exhibiting 

one of the major developmental regulator processes in the whole animal kingdom 

(Goodrich et al., 1996; Murone et al., 1999a).  

Playing a crucial role in the embryonic patterning and growth, Hedgehog 

signaling pathway remains likewise important for the adult organism. There, it 

participates in the hematopoiesis and maintenance of certain stem cell populations 

(Baron, 2003). Thus, Sonic Hedgehog signaling regulates the proliferation and 

persistence of the stem cell niches in the adult mammalian brain and several endoderm-

derived epithelia, for example, the stomach, intestine, and pancreas (Machold et al., 

2003; Palma et al., 2005; van den Brink, 2007; Ishizuya-Oka and Hasebe, 2008). 

Further, in vertebrate skin, Sonic and Desert Hedgehog signal to ensure epidermal stem 

cell maintenance (Zhou et al., 2006).  

Regarding these potent biological activities, it is not surprising that misregulation 

of the Hedgehog signaling in adult life can be associated with various malformations. 
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Thus, excessive Hedgehog pathway activity – caused by over-production of Hedgehog 

ligand by tumor cells or by mutations of signaling pathway components – provokes 

development of a large variety of tumors, such as medulloblastoma, basal-cell 

carcinoma, prostate cancer, pancreatic adenocarcinoma, tumors of the digestive tract 

and certain small-cell lung cancers (Ruiz i Altaba et al., 2002; Pasca di Magliano and 

Hebrok, 2003; Dellovade et al., 2006). Moreover, continued Hedgehog activity is often 

required for maintenance, in addition to initiation, of tumor growth – Hedgehog regulates 

cancer stem cell self-renewal and proliferation indirectly by influencing the surrounding 

stroma, which provides a more favorable environment for tumor expansion (Clement et 

al., 2007; Yauch et al., 2008). Thus, regarding these fatal consequences caused by 

inadequate regulation, Hedgehog signal propagation needs to be strictly controlled to 

ensure an appropriate feedback. Notably, Hedgehog signaling pathway comprises a 

large potential for regulation that can be achieved at multiple levels – the network of its 

signal transductors is outlined in the next section.  

 

4.2 Routers of Hedgehog signaling 

Remarkably, Hedgehog can trigger a large diversity of signal outcomes, 

employing the same signaling pathway. For instance, in Drosophila wing imaginal disc, 

different Hedgehog concentrations and/or varying signal duration provide a basis for 

differential sensitivity of the responding cells of the anterior compartment. This results in 

a patterned expression of the target genes – highest concentrations of Hedgehog induce 

the transcription of collier and patched, intermediate Hedgehog concentrations promote 

transcription of decapentaplegic and low levels of patched expression and low amounts 

of Hedgehog lead to expression of iroquois, at the same time repressing the 

transcription of collier, patched and decapentaplegic (Fig. 4.1). Accordingly, activation or 

repression of these genes specifies the cellular identity throughout the developmental 
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process. This section highlights the router points in Hedgehog signal transduction, which 

serve as cellular rheostats to translate variable Hedgehog concentrations to different 

levels of pathway activation and target gene transcription (see also Fig. 4.2).  

Once Hedgehog reaches the responding cell, it associates with its receptor 

Patched, a multipass transmembrane protein, which is only expressed by the cells of the 

anterior compartment (Ingham et al., 1991; Tabata and Kornberg, 1994; Chen and 

Struhl, 1996; Marigo et al., 1996; Stone et al., 1996). In addition, in Drosophila, two other 

transmembrane proteins – Interference Hedgehog and Brother of Ihog – have recently 

been shown to play a role of co-receptors in this process, interacting with Patched to 

facilitate Hedgehog binding (Williams et al., 2008). Consequently, Hedgehog binding to 

Patched relieves the inhibitory effect of Patched on Smoothened, a 7-transmembrane 

domain protein (Alcedo et al., 1996; Marigo et al., 1996; van den Heuvel and Ingham, 

1996a; Alcedo and Noll, 1997; Chen and Struhl, 1998; Murone et al., 1999b). Once 

Smoothened is derepressed, it activates the signaling pathway by modulating the levels 

and activity of the transcription factor Cubitus interruptus (Ci) (Alexandre et al., 1996; 

Von Ohlen and Hooper, 1997). Ci is a member of the Glioma-associated oncogene 

homologue (Gli) transcription-factor family and has three mammalian homologues. 

Modulation of the activation state of Ci serves as the main controlling checkpoint 

for the specific response to Hedgehog signal. Ci is a bifunctional transcription factor with 

variable modes of activity – it contains both repressor and activator domains that flank a 

central DNA-binding zinc-finger domain. In the absence of Smoothened signaling, the 

full-length Ci155 undergoes proteolytic cleavage, primed by its phosphorylation by three 

kinases – Protein kinase A (PKA), Glycogen synthase kinase-3 (GSK3β) and Casein 

kinase I (CKI) and mediated by the ubiquitin ligase pathway. A physical basis for these 

interactions is provided by the association of Ci155 with the scaffolding protein Costal 2, 

which recruits these kinases to mediate Ci155 processing (Lum et al., 2003; Zhang et al., 
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2006). This yields a truncated form of the protein – Ci75, which acts exclusively as a 

repressor for Hedgehog target genes. Smoothened activity prevents Ci degradation and 

stabilizes the full-length form of the protein – Ci155 – in the cytoplasm. Thus, depletion of 

the repressor form Ci75 relieves inhibition of some Hedgehog target genes, generating 

one of the possible signaling responses.  

Further, stabilized Ci155 can be activated, possibly by a post-translational 

modification, translocates to the nucleus and enhances the transcription of Hedgehog 

target genes, facilitating the high-level response and enabling other possible signaling 

scenarios (Aza-Blanc and Kornberg, 1999; Lefers et al., 2001; Nybakken and Perrimon, 

2002a; Lum and Beachy, 2004; Kalderon, 2005; Smelkinson et al., 2007). 

Positive regulation of Hedgehog signaling is supported by Fused, a serine-

threonine kinase, which interacts with Costal 2 and prevents Ci155 degradation (Jia et al., 

2003; Ruel et al., 2003). On the other hand, the action of Fused is opposed by the 

effector protein Suppressor of Fused (Sufu), which associates with Ci155, thereby 

retaining Ci155 in the cytoplasm and preventing its nuclear translocation and target gene 

activation (Methot and Basler, 2000; Merchant et al., 2004; Kalderon, 2005). In 

Drosophila, Hedgehog signaling can be additionally attenuated by the protein Roadkill, 

which targets Ci155 for Cullin3-mediated ubiquitinylation and degradation (Kent et al., 

2006). 
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Figure 4.2   Schematic representation of the Hedgehog signaling pathway in 

Drosophila melanogaster. 
The transcription factor Cubitus interruptus (Ci) is held in the cytoplasm by Complex I, which 

consists of the serine/threonine kinase Fused (Fu) and the kinesin-related protein Costal 2 

(Cos2), or by Complex II, which includes Suppressor of Fused (Sufu). In the absence of the Hh 

ligand, Ptc inhibits Smoothened (Smo). Complex I promotes the phosphorylation of Ci by Protein 

kinase A (PKA), Glycogen synthase kinase 3 β (GSK3β) and Casein kinase I (CKI), and 

promotes subsequent processing of Ci to the transcriptional repressor, CiR. Low concentrations 

of Hh function through Ptc and then Smo to block the production of CiR. Higher concentrations of 

Hh function through Ptc, Smo and Complexes I and II to release an active form of Ci – CiA – that 

stimulates transcription through the co-activator CBP. Transcriptional targets include dpp, ptc, en, 

collier (col), iro and many other genes (adapted from (Hooper and Scott, 2005). 

 

Finally, the activity of Hedgehog signaling pathway can also be modulated at the 

level of Smoothened. It has been postulated recently that, upon derepression, 

Drosophila Smoothened becomes hyperphosphorylated by several kinases (Jia et al., 

2004; Zhang et al., 2004; Apionishev et al., 2005). In this way, increasing 

phosphorylation gradually increases Smoothened activity, translating graded Hedgehog 

signals into distinct responses (Zhao et al., 2007). Although the phosphorylation 

residues of Smoothened are not conserved in vertebrates, it has recently been shown 
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that mammalian Smoothened is influenced by the activity of G-protein coupled receptor 

kinases and might therefore undergo similar modifications (Philipp et al., 2008). Thus, a 

signal provided by Hedgehog can be progressively translated into a step-by-step 

activation mechanism, bearing in its complexity a potential for large variability of 

commands defining cellular identities. Furthermore, the outlined router points can serve 

as important controlling steps to provide efficient negative feedback of the Hedgehog 

signaling, especially important considering the extensive palette of malformations 

caused by its inadequate regulation. In this regard, however, the most straightforward 

control of Hedgehog pathway activity is accomplished by the inhibitory action of Patched 

on Smoothened. The nature of this inhibition has remained the most ambiguous – and 

probably the most intriguing – mystery of the Hedgehog signaling. 

 

4.3 The paradigm of Smoothened activity 

Smoothened belongs to the superfamily of seven-transmembrane receptors; its 

N-terminal cystein-rich extracellular domain and the membrane-spanning regions are 

highly conserved across phyla (Quirk et al., 1997; Pitcher et al., 1998).  

Initially, the mechanism of Smoothened inhibition by Patched in the absence of 

Hedgehog signal was thought to be of physical nature. Indeed, when vastly 

overexpressed, Patched was shown to weakly interact with the N-terminal extracellular 

domain of Smoothened (Stone et al., 1996). However, this interference appears to be of 

an artificial nature, since it could neither be detected under physiological conditions, nor 

were Patched and Smoothened observed to colocalize in resting cells (Johnson et al., 

2000; Taipale et al., 2002; Zhu et al., 2003; Torroja et al., 2004). Instead of that, it was 

demonstrated that Patched represses Smoothened catalytically, because the inhibition 

occurs at a stochiometry of up to 1:50 (Taipale et al., 2002).  
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Furthermore, the activity status of Smoothened seems to correlate remarkably 

with its subcellular localization. In general, trafficking of the pathway components and 

the subcellular organization of Hedgehog signaling have repeatedly been observed to be 

determining. Thus, in vertebrate cells the signaling components localize to a special 

membrane compartment – the primary cilium  (Corbit et al., 2005; Haycraft et al., 2005; 

Huangfu and Anderson, 2005; Huangfu and Anderson, 2006; Rohatgi et al., 2007). 

Primary cilia are plasma membrane projections, capable of detection and transduction of 

various extracellular signals (Gerdes et al., 2009). Movement of the pathway 

components into and out of the cilia regulates the activity of signaling. Accordingly, the 

binding of Hedgehog to Patched directs Patched out of the primary cilium and facilitates 

the translocation of Smoothened into this compartment (Corbit et al., 2005; Rohatgi et 

al., 2007). Also, the Gli transcription factors localize to the cilium upon pathway 

activation (Haycraft et al., 2005). In the absence of Hedgehog, Smoothened is detected 

in endocytic compartments and at the plasma membrane. Both these subcellular pools 

are thought to contribute to the ciliary movement of Smoothened upon the induction of 

signaling (Milenkovic et al., 2009).  

Drosophila cells do not possess primary cilia, therefore extrapolations from 

studies in vertebrates have been ambiguous. Nevertheless, modules of the Drosophila 

Hedgehog pathway show similar affiliation to specific subcellular complexes. Thus, as 

already described earlier, the scaffolding protein Costal 2 binds the pathway 

components Smoothened, Fused, Ci and the kinases PKA, CKI and GSK3β to ensure 

their direct interactions.  

Furthermore, in analogy to the mammalian system, a similar switch between 

subcellular compartments in response to the signal is observed in Drosophila wing 

imaginal disc cells. Here, the repressive action of Patched in the absence of Hedgehog 

results in decreased Smoothened stability and inhibits its accumulation on the 
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basolateral membrane; vice versa, stimulation of signaling by Hedgehog targets 

Smoothened to the basolateral membrane (Denef et al., 2000; Nakano et al., 2004). 

Interestingly, Smoothened localization and its activation are tightly linked in a 

codependent way – thus, overexpression of Smoothened to non-physiological 

concentrations leads to accumulation of Smoothened at the cell surface, which alone 

suffices to activate the pathway (Hooper, 2003; Zhu et al., 2003; Zhang et al., 2004).  

Another factor contributing to the regulation of Smoothened activity is its 

phosphorylation, as already outlined above. The cytoplasmic tail of Drosophila 

Smoothened contains a cluster of Ser/Thr residues, phosphorylation of which is both 

necessary and sufficient to activate Smoothened and induce signaling (Jia et al., 2004; 

Zhang et al., 2004; Apionishev et al., 2005). The mechanism for this induction has been 

suggested to correlate with a significant change in Smoothened conformation. Thus, in 

the absence of phosphorylation, multiple arginine clusters in the cytoplasmic 

Smoothened tail are thought to keep the protein in an inactive conformation via 

electrostatic interactions. Phosphorylation of the consensus sites gradually antagonizes 

this inhibition and facilitates progressive increase in Smoothened accumulation and 

activity (Zhao et al., 2007). This observation is not surprising, since it correlates well with 

the common properties of the seven-transmembrane receptors. Thus, most of them 

undergo changes in conformation when activated, which is achieved via phosphorylation 

through the recruited effectors. Interestingly, these events are also followed by a change 

in subcellular localization, amounts and/or signaling properties of the receptor (Pitcher et 

al., 1998). These findings provide additional support for the hypothesis, that 

Smoothened activity may primarily be regulated through its subcellular trafficking. 

A large number of interesting findings further supports the development of this 

idea. For instance, it has been discovered that vertebrate Smoothened signaling can be 

artificially repressed or activated by a large variety of small lipophilic compounds such as 
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the plant sterol derivative cyclopamine. Cyclopamine and its relative jervine are naturally 

occurring steroidal alkaloids of the corn lily Veratrum californicum, which, when fed to 

sheep, cause developmental malformations such as holoprosencephaly and cyclopia, 

due to defects in Hedgehog signaling (Keeler, 1978; Keeler and Balls, 1978). These and 

other small hydrophobic molecules have been shown to inhibit Smoothened through 

direct binding to its transmembrane helices and induce Hedgehog loss-of-function 

phenotypes (Frank-Kamenetsky et al., 2002; Chen et al., 2002a; Chen et al., 2002b). On 

the other hand, diverse hydrophobic compounds, natural – such as oxysterols – as well 

as artificial, have been demonstrated to act as agonists on Hedgehog signaling. 

However, whereas some of them apparently bind to the same binding site of 

Smoothened as cyclopamine, others do not appear to interact with Smoothened directly 

(Frank-Kamenetsky et al., 2002; Corcoran and Scott, 2006; Dwyer et al., 2007).  

Furthermore, these compounds have been observed to influence the trafficking 

of vertebrate Smoothened, whereas the inhibition of its activity seemed to correlate with 

its depletion form the primary cilia. However, although ciliary localization of Smoothened 

is required for the activation of signaling, it is not sufficient, since treatment with the 

antagonist cyclopamine causes Smoothened translocation into cilia but inhibits its 

signaling activity. Other Smoothened antagonists appear to act by blocking ciliary 

localization, suggesting that Smoothened activity might be regulated at multiple steps by 

different ligands (Aanstad et al., 2009; Rohatgi et al., 2009; Wang et al., 2009).  

In summary, these findings support the hypothesis that Smoothened activity can 

be regulated through its subcellular trafficking, which, in turn, could be influenced by 

certain endogenous lipophilic compounds, possibly related to the artificial antagonists 

mentioned above.  
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4.4 Special features of Patched 

Whereas the hypothesis proposing Smoothened being regulated by small 

molecule compounds was favored by the studies described above, the role of Patched in 

this process has not been well understood. A clue came from the study of conserved 

motifs in Patched (Fig. 4.3), which demonstrated that this protein is homologous to the 

prokaryotic permeases of the resistance-nodulation division (RND) family (Tseng et al., 

1999; Ioannou, 2001; Taipale et al., 2002). The members of this family are efflux-pump 

proteins associated with multidrug-resistance. They are organized as tripartite systems, 

which facilitate the transport of various substrates across the membrane bilayer – a 

process driven by the proton motive force (Eswaran et al., 2004).  

Another interesting structural feature of Patched is its Sterol-Sensing Domain 

(SSD), found in proteins, which can directly bind cholesterol, such as SCAP (SREBP 

cleavage-activating protein) and NPC-1 – the protein encoded by the Niemann Pick 

Type C 1 disease gene (Kuwabara and Labouesse, 2002; Ohgami et al., 2004; 

Radhakrishnan et al., 2004).  
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Figure 4.3   Schematic representation of a bacterial RND permease, NPC-1 and  

Patched. 
The RND motif of the permease is known as the RND signature and is repeated twice. Both, Ptc 

and NPC-1 contain the RND signature and, furthermore, share the Sterol-Sensind Domain (SSD) 

(adapted from (Ioannou, 2001). 

 

Both these motifs are of crucial importance for the repressive function of 

Patched, since mutations in either of them results in disability of Patched to inhibit 

Smoothened. More than that, the activity of the SSD of Patched seems to be implicated 

in vesicular trafficking, residing the PatchedSSD protein in the endosomes and suggesting 

a possible mechanistic link to the regulation of Smoothened activity (Martin et al., 2001; 

Strutt et al., 2001; Johnson et al., 2002). However, how exactly the SSD function is 

involved in Smoothened repression has not been demonstrated clearly yet. Interestingly, 

the function of NPC-1, the nearest relative of Patched proteins, has been established 

recently. NPC-1 promotes the mobilization of glycosphingolipids and LDL-derived 

cholesterol from late endosomes to other cellular membranes in both Drosophila and 

vertebrates and has been postulated to act as a transmembrane molecular pump 

(Ikonen and Holtta-Vuori, 2004; Mukherjee and Maxfield, 2004).  

These correlations led to a suggestion that Patched, via its RND and SSD motifs, 

might similarly facilitate the transport of a small hydrophobic compound, which would 

influence Smoothened trafficking to repress its signaling activity. However, it has neither 

been shown that Patched can actually regulate lipid trafficking nor has an endogenous 

lipid been found to regulate Smoothened activity in vivo yet. 

 

4.5 Lipid links to Smoothened 

The central mystery of the Hedgehog pathway so far has been the regulatory 

step between Patched and Smoothened. As already mentioned above, the most favored 
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theory suggests that Patched acts through a lipophilic modulator to repress 

Smoothened. This can be achieved through binding of such an inhibitor to Smoothened, 

inducing a conformational change that would promote deactivation of Smoothened – a 

possibility supported by a considerable susceptibility of Smoothened to regulation by 

various small molecule synthetic compounds. Alternatively, the inhibitory lipid could 

affect Smoothened activity by altering its subcellular trafficking and promoting its 

degradation. This does not necessarily imply a direct binding of the inhibitory compound 

to Smoothened and is especially supported by the fact that Drosophila Smoothened 

cannot be affected by binding of cyclopamine or some other known vertebrate 

Smoothened antagonist (Taipale et al., 2000). One way or the other, these hypotheses 

led to a large number of ongoing explorations focused to reveal an inhibitory lipid in vivo.  

Thus, in consideration of the first possibility, one study suggested vitamin D3 

being a direct Smoothened inhibitor based on its natural occurrence and its ability to 

compete with cyclopamine for the binding to mammalian Smoothened (Bijlsma et al., 

2006). However, physiological role for vitamin D3 as an endogenous Hedgehog pathway 

inhibitor is questioned by many facts. First of all, its biosynthesis requires ultraviolet light 

(DeLuca, 2004), which is notably absent in the environment of developing mammalian 

embryos. In addition, vitamin D3 levels show strong variations between individuals and 

during lifetime, which would lead to major instabilities in Hedgehog signaling (Bischof et 

al., 2006). Vitamin D3-deficient individuals do not show increased cancer susceptibility, 

as would be expected if Smoothened were overactive (Xie and Bikle, 1998). In fact, 

vitamin D3 may even have an antiproliferative and proapoptotic effect on cancer cells 

(Schwartz and Skinner, 2007). Moreover, cattle that feed on vitamin D3-laden South 

American egg plants, Solanum malacoxylon, develop pathologic calcification 

(Wasserman et al., 1976) but do not show any developmental malformations that would 

resemble the Hedgehog-related defects seen so strikingly in Veratrum-poisoned sheep, 
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in which Smoothened is overinhibited. In addition, the mentioned study also describes 

an effect of 7-dehydrocholesterol, the precursor to pro-vitamin D3, thus questioning the 

specific requirement for vitamin D3. 

Furthermore, regulation of Smoothened activity through its trafficking has been 

supported by another study in vertebrate cells. There, Patched was speculated to affect 

Smoothened trafficking – and thereby its activity – by modifying the membranes of 

cellular compartments where Smoothened is present (Incardona et al., 2002). In general, 

protein trafficking has repeatedly been brought into correlation with the membrane lipid 

composition of the subcellular compartments. Thus, accumulation of certain lipid 

species, such as sphingolipids and cholesterol, contributes to formation of specific 

membrane domains – lipid rafts, which are thought to alter size and composition of 

membrane-associated protein sets, favoring recruitment of specific effectors. Thus, lipid 

rafts actively participate in intracellular membrane trafficking and protein sorting (Simons 

and Ikonen, 1997; Schuck and Simons, 2004). Interestingly, NPC-1 has been brought in 

correlation with rafts and has been shown to maintain raft lipid distribution employing its 

SSD (Chavrier et al., 1991; Simons and Gruenberg, 2000). Furthermore, lipid 

accumulation in endosomes of NPC-1 mutant cells has been observed to influence the 

activity of Rab7 (Lebrand et al., 2002), Rab9 (Ganley and Pfeffer, 2006) and Rab4 

(Choudhury et al., 2004), perturbing degradation and recycling. These observations 

present yet another link between the cellular trafficking routes and the lipid environment 

of the subcellular compartments, providing interesting hints as to how Smoothened 

activity might be regulated by Patched. However, it has not been investigated in detail 

yet whether Patched is indeed able to regulate subcellular lipid trafficking, and this 

possibility needs to be established further. 
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4.6 Lipids and lipoproteins in Drosophila melanogaster 

Vertebrate and invertebrate systems share many similarities regarding the 

principal lipid functions and their structural characteristics. However, Drosophila cells 

and tissues show some fundamental specificity in their lipid composition. First, it is worth 

to mention that Drosophila, like many insects, is a sterol auxotroph and relies on the 

dietary source to maintain the requirements for sterols. Second, Drosophila cells differ 

from the majority of vertebrate cells in their phospholipid as well as sphingolipid 

composition (Jones et al., 1992; Wiegandt, 1992; Rietveld et al., 1999; van Meer et al., 

2008). Furthermore, whereas mammalian cells use triacylglycerol as their main storage 

lipid, Drosophila cells utilize diacylglycerol for this purpose (Arrese et al., 2001). 

 Once taken up from the dietary source, nutritional lipids need to be delivered to 

the various tissues in order to be utilized. Lipids are hydrophobic and hardly soluble in 

aqueous environment, such as circulation system, extracellular spaces and the 

subcellular compartments. Thus, to facilitate their transport, lipids associate with specific 

carrier proteins in the plasma to form lipoprotein particles, which can be easily carried to 

the receiving tissues. This is a widespread mechanism in both vertebrate and 

invertebrate systems and employs apolipoproteins in particular to form lipoprotein 

particles.  

Lipoprotein particles are constituted of a core of triacylglycerols, sterols and 

sterol esters, which is surrounded by a phospholipid monolayer and scaffolded by the 

apolipoprotein (Fig. 4.4).  Mammals possess five different types of lipoproteins, which 

have been classified based on their density as chylomicrons, very low-density lipoprotein 

(VLDL), intermediate-density lipoprotein (IDL), low-density lipoprotein (LDL) and high-

density lipoprotein (HDL) (Shelness and Sellers, 2001; Vance and Vance, 2002).  
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Figure 4.4   Schematic structure of Lipophorin particle. 
Apolipophorin protein moiety scaffolds a lipophilic core mainly containing triacylglycerols, sterols 

and sterol esters, surrounded by a phospholipids monolayer. Various proteins, e.g. Hh, associate 

with Lipophorin (Lpp) via their lipophilic anchors. 

 

In insects, lipids are also transported in lipoproteins. In several aspects, however, 

the insect system is very different from that in mammals (Beenakkers et al., 1985; 

Shapiro et al., 1988; Ryan, 1990a). Thus, in insects, lipid trafficking implicates one 

multifunctional transport vehicle, the major lipoprotein particle Lipophorin (Van der Horst, 

1990; Sundermeyer et al., 1996). The Lipophorin particle has a molecular mass in the 

range of 500-600 kDa and is typically comprised of two glycosylated integral protein 

consituents, apolipophorin I and II, which scaffold a core of mixed lipids, surrounded by a 

phospholipid monolayer. Apart from sterols, sterol esters and hydrocarbons, the major 

lipid component carried by Lipophorin is diacylglycerol, in contrast to triacylglycerol in the 

mammalian systems (Ryan et al., 1990b). 

Lipophorin has been characterized as a lipid shuttle, which is able to selectively 

load and unload lipid cargo at different target tissues (Van der Horst, 1990; Stanley and 

Nelson, 1993). In Drosophila, exclusively the cells of the fat body – an organ analogous 

to mammalian liver and adipose tissue, synthesize Apolipophorin. It is made as a 

proapolipoprotein precursor, which is posttranslationally processed and assembled into 
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a Lipophorin particle (Kutty et al., 1996; Smolenaars et al., 2005). Subsequently, 

Lipophorin enters the systemic circulation and is transported via the hemolymph to the 

target tissues, where it is internalized. For instance, the cells of the wing imaginal disc of 

Drosophila express five different lipoprotein receptors – Megalin, Lrp1, Arrow and the 

two LDL receptor homologues LpR1 and LpR2 – which are responsible for the uptake of 

Lipophorin in the tissue (Khaliullina et al., 2009). Finally, internalized Lipophorin enters 

the endocytic route and is sequestered, making its lipid cargo available for further 

cellular needs (Tufail and Takeda, 2009).  

The density of Lipophorin constitutes 1.12 g/ml and resembles that of HDL (Pho 

et al., 1996). This fact indicates a high protein/lipid ratio, which correlates with another 

important function of Lipophorin apart from its role in nutrition. Thus, Lipophorin has 

been shown to transport various proteins such as glypicans, which associate with 

Lipophorin via their hydrophobic anchors and/or heparan-sulfate moieties (Nybakken 

and Perrimon, 2002b; Eugster et al., 2007).  

The ability of Lipophorin to serve as a protein carrier platform provides an 

interesting link with the principal feature of Hedgehog family proteins, which is their lipid 

modification (Mann and Beachy, 2004; Peters et al., 2004). The mature Hedgehog 

protein is synthesized as a precursor that undergoes a series of posttranslational 

modifications, leading to covalent attachment of a cholesterol moiety at its C-terminus 

and a palmitic acid at its N-terminus (Porter et al., 1996a; Pepinsky et al., 1998). 

Although the hydrophobic nature of Hedgehog modifications confers high affinity for cell 

membranes, this morphogen can only be efficiently secreted and signal normally in the 

presence of its lipid modifications (Porter et al., 1996b; Peters et al., 2004; Eaton, 2006; 

Guerrero and Chiang, 2007). This results from the association of Hedgehog with the 

extracellular matrix proteoglycans and, during its long-range movement, with the 
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lipoproteins – Lipophorin in Drosophila (Panáková et al., 2005; Callejo et al., 2006; 

Eugster et al., 2007; Neumann et al., 2007).  

In this way, Lipophorin also serves as a signaling platform, ensuring the delivery 

of messenger proteins to their target tissue. Thus, in Drosophila wing imaginal disc, 

Hedgehog secreted by cells of the posterior compartment is carried on Lipophorin 

particles to the responding cells of the anterior compartment (Fig. 4.5 A). Fat body-

driven knock-down of Lipophorin levels in the whole organism results in narrowed 

expression of long-range Hedgehog target genes (Fig. 4.5 B and (Panáková et al., 

2005). 

 

 

Figure 4.5   Role of Lipophorin in Hedgehog transport. 
(A) Hh is produced in the posterior compartment cells (indicated in green) and associates with 

Lpp in order to be transported over long-range distances in the anterior compartment containing 



 31 

Hh-receiving cells. There, Hh induces transcription of short- and long-range target genes, 

depending on its concentration (indicated by blue, pink, yellow and orange). (B) Absence of Lpp 

interferes with long-range Hh transport, resulting in a narrowed expression of long-range target 

genes (Panáková et al., 2005). 

 

 In summary, Lipophorin presents itself as an important regulator of Hedgehog 

function, since its role as a transport vehicle ensures the correct formation of the 

morphogen gradient in the responding tissue and therefore proper target gene induction. 

In addition, Lipophorin remains to be the major lipid source for the cells of wing imaginal 

disc, required for their membrane maintenance and other purposes. This is especially 

important in regard of the critical implications of lipids in regulation of Hedgehog 

signaling – the repression of Smoothened by Patched. Thus, the role of Lipophorin might 

incorporate more than a mere function as a morphogen carrier. It is an intriguing 

possibility that Lipophorin might carry specific lipids, which can be utilized by Patched to 

provide an efficient Smoothened inhibition.  
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5                                                                                      SCOPE OF THE THESIS 

 
 

The major focus of the present work is to address the mechanistic nature of 

Smoothened repression by Patched. It has been highlighted in the Introduction that 

Patched has been suggested to utilize a specific lipophilic molecule for Smoothened 

repression. It has also been hypothesized that the SSD of Patched might play a major 

role in this process by regulating lipid trafficking. Moreover, Lipophorin – the major lipid 

transporter in Drosophila – has been brought into correlation with Hedgehog transport by 

an earlier work of our laboratory (Panáková et al., 2005). Based on these hints, an 

interesting and likely possibility exists that Lipophorin might also play an important role in 

Hedgehog signaling and carry specific lipids, which can be utilized by Patched to provide 

an efficient Smoothened inhibition. 

Thus, first, I would like to determine whether alteration of Lipophorin levels can in 

any way affect Smoothened activity. Second, if this were the case, I would like to 

elucidate the functional requirement of Lipophorin for Patched-mediated Smoothened 

repression. One of the previous studies has indicated that Patched might normally 

influence Lipophorin trafficking (Callejo et al., 2008). I wish to further investigate the 

mechanism of this interaction and test whether Patched could in any way influence the 

trafficking of Lipophorin-derived lipids. If this action of Patched on Lipophorin lipids can 

be established, I aim to understand whether this function correlates with the negative 

regulation of Smoothened localization and/or activity. Finally, if this hypothesis can be 

confirmed, I would like to determine the identity of the inhibitory compound derived from 

Lipophorin and utilized by Patched for Smoothened repression. 
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6                                                                                                             RESULTS 

 

 

 As extensively discussed in the Introduction, the nutritional function is only one 

aspect of the roles of Lipophorin in Drosophila melanogaster. Previous studies have 

already linked Lipophorin to the signaling pathway of Hedgehog, showing that Lipophorin 

serves as a vehicle for the long-range Hedgehog trafficking and is therefore required for 

the activation of long-range Hedgehog target genes (Panáková et al., 2005). 

 

6.1 Lipophorin is required to reduce Smoothened accumulation on the 

basolateral membrane  

In order to further dissect the functions of Lipophorin in Hedgehog signaling, I 

investigated how loss of Lipophorin affects Hedgehog signal transduction in the wing 

imaginal disc. Lipophorin is produced in the fat body of Drosophila and reaches the 

peripheral organs, including the wing imaginal disc, via hemolymph. Therefore, lowering 

systemic levels of Lipophorin mediated by fat body-driven RNA interference (RNAi) 

leads to the lack of Lipophorin in the wing disc tissue (Panáková et al., 2005). Thus, 

utilizing this RNAi construct, I examined the levels, localization and activation status of 

the individual components of Hedgehog signal transduction machinery in the wing disc. 

Smoothened, the central signal transductor of the Hedgehog pathway, is 

expressed uniformly throughout the wing pouch. Regulation of its activity correlates with 

its post-transcriptional stabilization, which reflects the levels of Smoothened protein at 

the basolateral membrane (Denef et al., 2000). Thus, the activation status of 

Smoothened can be monitored by Smoothened protein levels on the basolateral 

membrane of the cell. In the wild type wing disc, basolateral Smoothened levels are 

reduced by the repressive action of Patched in the cells of the anterior compartment. 
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Basolateral Smoothened accumulates to a high level only in the posterior compartment, 

where Patched is not expressed and in the anterior compartment cells near the A/P 

boundary, where higher levels of Hedgehog inhibit the repressive activity of Patched 

(Denef et al., 2000). Given that Lipophorin facilitates the transport of Hedgehog to the 

responsive tissue, one may expect that reduction of Lipophorin would mimic the absence 

of Hedgehog in these cells and induce a loss-of-function signaling phenotype, 

downregulating the pathway components and consequently repressing the target genes.  

Surprisingly, however, as I examined basolateral Smoothened accumulation in 

wild type wing discs and wing discs from Lipophorin RNAi larvae, I discovered that 

Smoothened in fact accumulated throughout the anterior compartment of the wing disc 

(Fig. 6.1 A-C).  

 

 

Figure 6.1   Lipophorin RNAi increases basolateral Smoothened accumulation. 
(A, B) Smo staining in the basolateral region (2.1–4.8 µm from apical surface) of a wild type (A) 

and LppRNAi (B) wing disc. Smo levels are elevated in the anterior compartment of the LppRNAi 

disc. (C) Quantification of Smo staining from 19 wild type and 10 LppRNAi discs. Smo staining is 
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elevated by LppRNAi in the anterior compartment (p<0.0006 for anterior, p<0.4908 for posterior). 

(D, E) Wing discs from a wild type and a LppRNAi animal stained for Ci155. The range of Ci155 

stabilization is extended. (F) Quantification of Ci155 staining intensity in at least 14 wild type and 

14 LppRNAi discs (p<0.0059). The experiment depicted by (D-F) has been performed by Daniela 

Panáková. 

Scale bars = 10 µm. A/P boundaries are indicated by blue lines. 

 

The fact that Lipophorin RNAi resulted in Smoothened accumulation rather than 

induced its degradation let us suggest that Lipophorin has another, inhibitory, impact on 

the Hedgehog signaling pathway, which is distinct from its function as a morphogen 

vehicle. This idea goes in line with the previous finding that Lipophorin RNAi induced an 

increase of anterior levels of Ci155, the transcription factor in Hedgehog signaling (Fig. 

6.1 D-F). Thus, apart from its function in Hedgehog trafficking, Lipophorin also functions 

to repress a subset of Hedgehog signaling events when Hedgehog is absent.  

 

6.2 Lipophorin particles directly affect Smoothened accumulation 

How can Lipophorin reduce Smoothened levels at the basolateral membrane? As 

mentioned in the Introduction, lipoprotein particles play a crucial role in the nutritional 

lipid transport in Drosophila. This function is especially important for the delivery of 

sterols to the tissues, because Drosophila cells cannot synthesize sterols and therefore 

rely on their dietary uptake (Clayton, 1964). Lipoprotein-delivered sterols can then be 

used to maintain normal membrane properties. Since Smoothened is a transmembrane 

protein, I asked if the effects of Lipophorin on Smoothened accumulation and 

subsequent Ci155 stabilization are an indirect consequence of changed membrane 

properties due to lowered sterol levels in Lipophorin RNAi larvae. To test this possibility, 

I transferred wild type larvae to the sterol-depleted feeding medium for four days. Wild 

type larvae fed on sterol-depleted medium supplemented with cholesterol served as a 

control. Then, I compared the levels of Smoothened and Ci155 in the wing discs of sterol-
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depleted and control larvae with those from Lipophorin RNAi animals (Fig. 6.1). If the 

ectopic Smoothened accumulation was an effect of changed membrane properties in 

Lipophorin RNAi wing disc cells, then Smoothened, and subsequently Ci155, would 

accumulate to the same extent in the wing disc cells upon sterol depletion. In contrast, 

neither Smoothened (Fig. 6.2 A, B, quantified in C), nor Ci155 (Fig. 6.2 D, E, quantified in 

F) accumulated throughout the anterior compartment of the wing discs from sterol-

depleted larvae, although sterol levels, monitored by staining with filipin, were lowered to 

the same extent in wing disc cells from both lipid depleted and Lipophorin RNAi larvae 

(Fig. 6.2 G-I, quantified in J). Thus, the effects of Lipophorin knock-down on 

Smoothened accumulation and Ci155 stabilization are not an indirect consequence of 

failure to mobilize dietary lipids, because they cannot be mimicked by mere sterol 

depletion.  

 



 39 

Figure 6.2   Smoothened and Ci155 levels are not affected by dietary lipid depletion. 
(A-C) Smo staining in discs from animals fed on sterol-depleted medium + cholesterol (A) and 

sterol-depleted medium alone (B), quantified in (C). Smo does not accumulate in the anterior 

compartment of sterol-depleted discs (p<0.5976) except very near the A/P boundary (p<0.0253). 

(D-F) Ci155 staining of wing discs from wild type larvae that have been transferred to sterol-

depleted food (E) or sterol-depleted food supplemented with cholesterol (D) 48 hours after 

hatching, quantified in (F). Sterol depletion does not change the range of Ci155 stabilization. Note 

that Ci155 levels near the A/P boundary are slightly elevated. (G-J) Membrane sterol revealed by 

filipin staining in wing imaginal discs from larvae with different genotypes or raised under different 

conditions; each image is a projection of confocal sections through the whole disc. (G) wild type 

larvae fed on normal food, (H) wild type larvae shifted to sterol-depleted medium 48 hours after 

hatching, (I) LppRNAi larvae grown on normal food. Stainings from 5 wing discs each are 

quantified in (J). Membrane sterol levels are equally reduced by LppRNAi and by nutritional sterol 

depletion.  

Scale bars = 10 µm. A/P boundaries are indicated by blue lines.  

 

To further verify that Lipophorin particles acted directly on the wing disc cells, I 

purified Lipophorin particles from wild type larvae by density gradient centrifugation and 

incubated them with wing discs explanted from Lipophorin RNAi larvae. Confirming the 

direct action of Lipophorin on Smoothened, this treatment reversed both basolateral 

Smo accumulation (Fig. 6.3 A-D) and Ci155 stabilization (Fig. 6.3 E-H) in the anterior 

compartment of Lipophorin RNAi wing discs.  
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Figure 6.3   Lipophorin particles reverse Smoothened accumulation and Ci155 

stabilization. 
(A-D) Smo staining of basolateral sections (2.8 - 4.2 µm below apical surface) of wild type (A, B) 

and LppRNAi (C, D) wing discs treated with Grace’s medium (A, C) or isolated Lpp particles (B, 

D) for 2 hours. Basolateral Smo accumulation in LppRNAi is reversed by treatment with isolated 

Lpp particles. (E-H) Ci155 staining of wild type (E, F) and LppRNAi (G, H) wing discs treated with 

Grace’s medium (E, G) or isolated Lpp particles (F, H) for 2 hours. Ci155 accumulation in LppRNAi 

is reversed by treatment with isolated Lpp particles.   

Scale bars = 10µm. A/P boundaries are indicated in blue. 

 

6.3 The lipid contents of Lipophorin reduce basolateral Smoothened 

accumulation and reduce levels of Ci155 

Since lipids have been shown to have a great potential in regulation of 

Smoothened, it was tempting to speculate that the lipid content and not the protein 

moiety of Lipophorin particles is required to reduce Smooothened and Ci155 stability. To 

test this possibility, I extracted lipids from purified Lipophorin particles, dried them and 

re-suspended them into protein-free liposomes. The Apolipophorin protein moiety is 

undetectable in these liposomes (see Fig. 8.1 in Supplements).  
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I then incubated discs from Lipophorin RNAi animals with liposomes containing 

Lipophorin-derived lipids for two hours at a concentration that approximated that of the 

hemolymph. If inhibition of Smoothened rather required the intact Lipophorin particles, 

then this treatment should not have any effect on the basolateral Smoothened 

accumulation in Lipophorin RNAi. However strikingly, addition of Lipophorin-derived 

lipids was indeed enough to completely reverse the ectopically elevated Smoothened 

levels in Lipophorin RNAi wing discs to the wild type level (Fig. 6.4 A-D, quantified in E).  
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Figure 6.4 Lipophorin-derived lipids reduce basolateral Smoothened 

accumulation. 
(A-D) Smo staining in the middle region (2.1–4.8 µm below the apical surface) of a wild type (A, 

B) or a LppRNAi (C, D) wing disc treated (B, D) or not treated (A, C) with Lpp-derived lipids. 

Ectopical Smo accumulation is reversed by treatment with Lpp-derived lipids. (E) Quantification of 

Smo staining of wild type and LppRNAi discs either treated or not treated with Lpp lipids. At least 

6 discs were quantified for each condition. Lpp lipids rescue anterior (p<0.0007) but not posterior 

(p<0.9032) Smo accumulation in LppRNAi discs. Lpp lipids do not elevate Smo staining intensity 

in either compartment in wt discs (p<0.4869, p<0.3175).  

Scale bars = 10 µm. A/P boundaries are indicated by blue lines.  

 

Furthermore, this treatment also reversed Ci155 accumulation in a subset (27/54) 

of Lipophorin RNAi wing discs (Fig. 6.5 A-D).  

 

 

Figure 6.5   Lipophorin lipids reduce Ci155 levels. 
(A-D) Ci155 staining of wild type (A, B) and LppRNAi (C, D) wing discs treated with Grace’s 

meidum (A, C) or with Lpp-derived lipids (B, D) for 2 hours. Lpp lipids reduce Ci155 accumulation 

in LppRNAi discs.  

Scale bars = 10 µm.  
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Subsequently, I performed additional controls to confirm the specific effect of 

Lipophorin-derived lipids on Smoothened accumulation. Thus, I wondered if incubation 

with liposomes might generally perturb plasma membrane properties and/or protein 

trafficking in treated cells. Therefore, I examined the levels and localization of another 

basolateral protein – Arrow (Marois et al., 2006). Incubation with Lipophorin-derived 

lipids affected neither the levels nor localization of Arrow in treated wing discs, 

confirming that this treatment does not generally decrease levels of basolateral proteins 

(Fig. 6.6 A-D).  

 

Figure 6.6   Treatment with Lipophorin lipids does not affect Arrow levels. 
(A-D) Arr staining of basolateral sections (2.8 - 4.2 µm below apical surface) of wild type (A, B) 

and LppRNAi (C, D) wing discs treated with Grace’s medium (A, C) or Lpp-derived lipids (B, D) 

for 2 hours. Narrowed range of Arr repression in LppRNAi discs is a result of the reduced range 

of Wingless signaling in LppRNAi (Marois et al., 2006). However, incubation with Lpp lipids has 

no effect on Arr localization.  

Scale bars = 10 µm.  

 

Additionally, I investigated if Smoothened levels are generally sensitive to the 

bulk lipoprotein lipids. To answer this question, I incubated Lipophorin RNAi wing discs 
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with liposomes containing two of the most abundant Lipophorin lipids, 

phosphatidylcholine and ergosterol (see Fig. 8.2 in Supplements). This treatment had no 

effect on Smoothened accumulation (Fig. 6.7 A-D) and showed that only specific 

Lipophorin-derived lipid(s) can reduce levels of Smoothened and consequently 

destabilize Ci155. 

 

Figure 6.7  Treatment with phosphatidylcholine or ergosterol does not affect 

basolateral Smoothened levels. 
(A-D) Smo staining of basolateral sections (2.8-4.2 µm below apical surface) of wild type (A, B) 

and LppRNAi (C, D) wing discs treated with Grace’s medium (A, C) or with liposomes made from 

phosphatidylcholine + ergosterol (PCE) (B, D) for 2 hours. Treatment with PCE liposomes does 

not reverse Smo accumulation in LppRNAi discs.  

Scale bars = 10µm.  

 

Next, I wondered whether Lipophorin lipids affected Smoothened levels at the 

level of transcription or whether they influenced Smoothened trafficking by inducing re-

localization and thereby depleting Smoothened from the basolateral membrane. 

Therefore, I examined other subcellular regions of the wing discs treated with liposomes 
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from Lipophorin-derived lipids. Interestingly, the reduction of Smoothened protein levels 

on the basolateral membrane correlated with the appearance of Smoothened-positive 

punctate structures in the most apical regions of these cells (Fig. 6.8 A-H). 

Colocalization of these Smoothened puncta with internalized red dextran indicated that 

these vesicles are endosomes and that Lipophorin-derived lipids affected the trafficking 

of Smoothened protein (Fig. 6.8 E-G). 

Thus, I have demonstrated that the inhibitory effect of Lipophorin on Smoothened 

is a direct action of its lipid content and not of its protein moiety. Furthermore, I have 

shown that the action of Lipophorin-derived lipids is specific for Smoothened and affects 

subcellular Smoothened trafficking, inducing depletion of Smoothened from the 

basolateral membrane and reduction of its activity, which leads to the destabilization of 

Ci155. Finally, our observations indicate that the inhibitory effect of Lipophorin on 

Smoothened is not caused by perturbation of general membrane properties and is not 

mediated by the bulk lipids transported by Lipophorin and required for membrane 

maintenance. 
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Figure 6.8   Lipophorin lipids induce translocation of Smoothened from the 

basolateral membrane to apical endosomes. 
(A-H) Smo staining in the apical region (0.7–2.8 µm below the apical surface) of a wild type (A-D) 

or a LppRNAi (E-H) wing disc treated with Lpp lipids (B, D, F, H) or mock-treated (A, C, E, G). 

Upon addition of lipids to LppRNAi wing discs, Smo accumulates in apical punctate structures in 

the anterior compartment. (C, D, G, H) show z-sections of wing discs from wild type (C, D) or 

LppRNAi larvae (G, H) treated with Grace’s medium (C, G) or with Lpp-derived lipids (D, H). Smo, 

elevated at the basolateral membrane in LppRNAi discs, translocates to apical puncta upon 

treatment with Lpp lipids. (I-K) show subapical sections of the anterior compartment of a LppRNAi 

disc incubated with Lpp lipids and red fluorescent dextran (J and K red) for 2 hours and stained 

for Smo (I and K green). Smo colocalizes with red dextran in endosomes.  

Scale bars = 10 µm. A/P boundaries are indicated by blue lines.  

 

6.4 The Sterol-Sensing Domain of Patched makes Lipophorin-derived lipids 

available for Smoothened repression 

The results of the previous section gave rise to two major questions: first, do 

Lipophorin-derived lipids repress Smoothened in an interaction with Patched and, if so, 

what are the requirements for this ensemble? Second, where and how do Lipophorin-

derived lipids encounter Smoothened in the cell?  

Regarding the first question, I have considered two following scenarios. One 

possibility was that Lipophorin-derived lipids regulated the levels or activity of Patched 

protein. Alternatively, regarding the homology of Patched with transmembrane 

transporters, Patched could mobilize lipids from Lipophorin particles, thus making them 

“available” to destabilize Smoothened.  

In cells mutant for Patched, Smoothened cannot be repressed and consequently 

accumulates at the basolateral membrane (Strutt et al., 2001). If our first assumption is 

true, then addition of Lipophorin-derived lipids to these cells would not be expected to 

reverse ectopic Smoothened accumulation. However, if Patched was merely responsible 

for lipid mobilization, then direct addition of lipids in liposomes, already extracted and 
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hence mobilized from Lipophorin particles, might reverse basolateral Smoothened 

accumulation in Patched mutant cells.  

I tested these possibilities by applying Lipophorin-derived lipids to the wing discs 

containing clones of cells totally missing Patched protein – tissue homozygous for 

patchedIIw – and wing discs containing clones of cells homozygous for patchedSSD. 

PatchedSSD harbors a point mutation in the SSD, which was shown to be crucial for 

Smoothened repression and hypothesized to be responsible for transporter function of 

Patched (Martin et al., 2001; Strutt et al., 2001). 

Lipophorin-derived lipids did not reduce Smoothened accumulation in tissue 

totally missing Patched protein (Fig. 6.9 A-D, quantified in I). However, interestingly, 

they did reduce Smoothened accumulation in tissue homozygous for patchedSSD, 

suggesting that the function of Patched SSD can be circumvented by free lipid addition 

(Fig. 6.9 E-H, quantified in J). Thus, these results suggest that Lipophorin-derived lipids 

cannot act in the total absence of Patched protein. Nevertheless, they show that already 

mobilized lipids can substitute for the requirement of Patched SSD, which indeed might 

function to make lipids within Lipophorin particles available to regulate Smoothened 

trafficking.  



 49 

 

Figure 6.9   Lipophorin acts with Patched to influence Smoothened trafficking. 
(A-H) Basolateral region of wing discs harboring either or ptcIIw (A-D) ptcSSD (E-H) mutant clones 

indicated by loss of GFP in (A, B, E, F) either treated with Lpp lipids (B, D, F, H) or mock treated 

(A, C, E, G) stained for Smo (C, D, G, H). ptcIIw is an amorphic allele harboring a nonsense 

mutation at codon 43. ptcSSD is a missense mutation substituting Asn for Asp at position 583 in 

the sterol sensing domain (the identical mutation contained in the PtcSSD transgene), it also 

contains a silent Val to Met substitution at position 1392 (Martin et al., 2001). (I, J) Quantification 

of Smo staining intensity in discs harboring ptcIIw (I) or ptcSSD (J) clones either treated or not 

treated with Lpp lipids. At least 6 clones were quantified for each condition. Yellow bars: staining 

intensity in posterior compartment. Red bars: staining intensity in anterior compartment (not the 

A/P boundary). Green bars: staining intensity in clones. Smo staining intensity is not significantly 

reduced by Lpp lipids in ptcIIw clones, but is reduced in ptcSSD clones (p=1.6*10-13).  

Scale bars = 10 µm. A/P boundaries are indicated by blue lines.  
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6.5 Patched induces accumulation of Lipophorin in early endosomes 

Given that Lipophorin-derived lipids act in conjunction with Patched to inhibit 

Smoothened, I asked how Patched might gain access to Lipophorin particles in the first 

place. Lipophorin particles are internalized and enter the endocytic pathway (Tufail and 

Takeda, 2009). Thus, I wondered if Patched encountered Lipophorin in endosomes. 

Therefore, I over-expressed Patched in the dorsal compartment of the wing disc and 

examined the localization of Lipophorin. I found that Lipophorin strongly accumulated in 

the Patched-overexpressing compartment (Fig. 6.10 A, B), which has also been 

observed elsewhere (Callejo et al., 2008). Interestingly, I additionally discovered that 

Patched and Lipophorin colocalized in apical punctate structures, which revealed to be 

Rab5-positive early endosomes (Fig. 6.10 D-F). Whereas it is possible that general 

perturbation of the endocytic pathway might impair the progression from early to late 

endosomes (Rink et al., 2005), I did not observe any alteration in the size or number of 

either Rab5 or Rab7 positive endosomes, suggesting that Patched over-expression did 

not produce such artifacts (Fig. 8.3 in Supplements). Thus, I have concluded that 

Patched specifically induced Lipophorin accumulation in Patched-positive early 

endocytic compartment.  
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Figure 6.10   Patched induces Lipophorin accumulation in Rab5-positive 

endosomes. 
(A-C) apical region (to 0.7–2.8 µm below apical surface) of a wing disc over-expressing Ptc in the 

dorsal compartment for 18h, stained for Ptc (A), Lpp (B) and Hh (C). Ptc over-expression causes 

Lpp accumulation independently of Hh (the ratio of average Lpp staining intensity in the dorsal 

and ventral (LppD/LppV) compartments is 1.5). To compare the endogenous Ptc expression, see 

(Fig. 6.13 C). (D-F) apical section (0.7 - 2.1 µm) of a single wing disc ubiquitously expressing low 

levels of Rab5-CFP that over-expresses Ptc in the dorsal compartment imaged for Ptc (D-F, red), 

CFP-Rab5 (D and G, green) and Lpp (E, green and F, blue). The dorsal compartment is shown. 

Lpp and Ptc are found in Rab5-positive endosomes (in the dorsal compartment, 85.9 % of Ptc 

colocalizes with Lpp, 84.7 % of Ptc colocalizes with Rab5; 79.3 % of Lpp colocalizes with Ptc, 

70.3 % of Lpp colocalizes with Rab5; 44.9 % of Rab5 colocalizes with Ptc, 43.4 % of Rab5 

colocalizes with Lpp; (P-Value)Costes = 1.0).  

Scale bars = 10µm. A/P boundaries are indicated by blue lines. 

 

6.6 The structural requirements of Patched 

To investigate the structural requirements of Patched for Lipophorin recruitment, I 

over-expressed different mutant forms of Patched in the dorsal compartment (to 

compare expression levels, see Fig. 8.4 in Supplements).  

Patched1130X is a mutant form of Patched protein, which misses the C-terminal 

tail. This region has been shown to be required for Smoothened repression, as well as 
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for Patched internalization and turnover (Lu et al., 2006). I found that this mutant was no 

longer able to recruit Lipophorin when over-expressed (Fig. 6.11 A-C). In contrast, 

PatchedSSD with a mutated SSD still was able to recruit Lipophorin (Fig. 6.11 D-F).  

Since Patched is the receptor for Hedgehog, which can be carried on Lipophorin 

particles, I asked if Patched recruited Lipophorin via Hedgehog. Therefore, I over-

expressed Patched∆loop2, which is missing the sequences required for Hedgehog binding 

(Marigo et al., 1996), in the dorsal compartment of the wing disc. Subsequently 

examining Lipophorin localization, I discovered that this Patched mutant form 

nevertheless efficiently recruited Lipophorin to Patched-positive endosomes (Fig. 6.11 

G-I). Additionally, Patched recruits Lipophorin in the total absence of Hedgehog, as seen 

in the wing discs from hhts/hhts larvae ((Khaliullina et al., 2009), supplementary material). 

Thus, Patched affects Lipophorin trafficking independently of Hedgehog and 

requires its C-terminal tail for this purpose. 
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Figure 6.11   The C-terminal region of Patched is essential to recruit Lipophorin. 
(A-C) a wing disc over-expressing the mutant Ptc1130, which is not well internalized (Lu et al., 

2006), in the dorsal compartment for 18h, stained for Ptc (A), Lpp (B) and Hh (C). Ptc1130 does not 

cause Lpp accumulation (the ratio of average Lpp staining intensity in the dorsal and ventral 

(LppD/LppV) compartments is 1.0). (D-F) a wing disc over-expressing the mutant PtcSSD-GFP in 

the dorsal compartment for 18h, stained for Ptc (D), Lpp (E) and Hh (F). Mutating the SSD does 

not prevent Lpp accumulation (the ratio of average Lpp staining intensity in the dorsal and ventral 

(LppD/LppV) compartments is 1.6). (G-I) a wing disc over-expressing the mutant Ptc∆loop2 in the 

dorsal compartment for 18h, stained for Ptc (G), Lpp (H) and Hh (I). Although it cannot bind Hh, 

Ptc∆loop2 recruits Lpp (the ratio of average Lpp staining intensity in the dorsal and ventral 

(LppD/LppV) compartments is 1.4).  

Scale bars = 10 µm.  

 

6.7 Patched diverts a subset of internalized Lipophorin to Patched-positive 

endosomes 

How exactly did Patched cause Lipophorin accumulation in the endosomes? It 

can happen by two mechanisms: either Patched increases Lipophorin uptake or it 

promotes its longer half-life and decreases its degradation. To distinguish between these 

two possibilities, I established an uptake assay with labeled Lipophorin. Purified 

Lipophorin particles were labeled with fluorescent dye Alexa546 and applied to 

explanted wing discs over-expressing Patched in the dorsal compartment. For the 

uptake, wing discs were incubated for 10 minutes at 22ºC with labeled Lipophorin, then 

washed, fixed and examined the localization of the Alexa546-labeled Lipophorin. After 

this incubation, labeled Lipophorin particles were present in endosomes throughout the 

wing disc and were equally abundant in the dorsal and ventral compartments (Fig. 6.12 

A-C). Thus, while Patched and Alexa546-Lipophorin are rapidly incorporated into the 

same endosomes, Patched over-expression did not increase the rate of Alexa546-

Lipophorin uptake. To test the general sensitivity of the assay, I applied labeled 

Lipophorin to explanted wing discs over-expressing LDL receptor homologue LpR1-GFP 
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((Khaliullina et al., 2009), supplementary material) in the dorsal compartment, then 

washed, fixed and examined the localization of the Alexa546-labeled Lipophorin. I 

observed that LpR1-GFP increased the rate of Lipophorin uptake, as was expected for a 

lipoprotein receptor (Fig. 8.5 A, B in Supplements), indicating that this assay was 

sensitive to such changes.  

To address the further fate of Lipophorin after its uptake, I applied Alexa546-

Lipophorin to explanted wing discs over-expressing Patched in the dorsal compartment, 

washed and incubated the wing discs for a further 20-40 minutes in Lipophorin-free 

medium, then fixed and examined Alexa546-Lipophorin localization. The results showed 

that Lipophorin particles continuously disappeared from the ventral compartment cells 

but were still visible for up to 20 minutes in Patched over-expressing cells, resembling 

the situation in the steady state (compare Fig. 6.10 A-C with Fig. 6.12 D-F). Thereby, 

Lipophorin also accumulated with Patched in a Rab5-positive early endocytic 

compartment (Fig. 8.6 in Supplements). By 40 minutes, Lipophorin was mostly degraded 

in both compartments (Fig. 6.12 G-I). These results showed that Patched decreased the 

rate of Lipophorin degradation after internalization. Consistent with that, Lipophorin was 

degraded normally and did not accumulate in cells over-expressing LpR1-GFP (Fig. 8.5 

C, D in Supplements). 

Thus, these data have shown that Patched did not increase Lipophorin uptake, 

being unlikely an endocytic receptor for Lipophorin. Rather, the results suggested that 

the degradation of Lipophorin was retarded as soon as it reached Patched-positive early 

endosomes.  
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Figure 6.12   Patched does not affect Lipophorin internalization, but decreases its 

degradation. 
(A-C) show internalization of purified and fluorescently labeled Lpp (Lpp-Alexa546) by a wing disc 

over-expressing Ptc in the dorsal compartment. The disc was incubated for 10 minutes with Lpp-

Alexa546, then washed and fixed immediately (0min after pulse = 0a.p.). Ptc (A and C green) and 

Lpp (B and C red) colocalize within 10 minutes (64.9 % of Ptc colocalize with Lpp, 73.0 % of Lpp 

colocalize with Ptc; (P-Value)Costes = 1.0). Lpp internalization does not increase in Ptc over-

expressing cells. (D-F) a wing disc over-expressing Ptc (D and F green), after 10 minute 

incubation with Lpp-Alexa546, wash and further 20 minute incubation in medium alone (20min 

after pulse = 20 a.p.). Lpp-positive endosomes are still abundant in Ptc over-expressing tissue, 

whereas they are much faster degraded in wild type tissue (E, F red). Thus, Ptc slows Lpp 

degradation (the ratio of average Lpp staining intensity in the dorsal and ventral (LppD/LppV) 

compartments is 1.5). (G-I) show a wing disc over-expressing Ptc (G and I, green) after a 10 

minute incubation with labeled Lpp particles, then washed and incubated in medium alone for 40 

minutes (40min after pulse = 40 a.p.). Most Lpp (H and I, red) has been degraded in both 

compartments (the ratio of average Lpp staining intensity in the dorsal and ventral (LppD/LppV) 

compartments is 1.0.  

Scale bars = 10µm. A/P boundaries are indicated by blue lines. 
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I could unambiguously visualize the effect on Lipophorin trafficking upon over-

expression of Patched. However, the endogenous Patched present in the anterior 

compartment is not sufficient to obviously increase Lipophorin accumulation there (note 

Lipophorin levels in the wild type ventral compartment in Fig. 6.10 A, B). I hypothesized 

that Patched might influence only a small fraction of Lipophorin internalized in the wing 

disc tissue. This would not be surprising given the important nutritional function of 

Lipophorin, mentioned above. In fact, in the wing disc Lipophorin can be internalized by 

a large number of different receptors with the potential to contribute to Lipophorin 

trafficking in the wing disc cells (Khaliullina et al., 2009).  

In order to dissect the subset of Lipophorin affected by the endogenous Patched, 

I exploited the fact that Lipophorin in Patched-positive endosomes should be degraded 

more slowly than most Lipophorin internalized by disc cells. To specifically visualize 

Lipophorin that was degraded more slowly than on average, I incubated explanted wing 

discs in Lipophorin-free medium for 2 hours. During this time period, most Lipophorin 

that was internalized in vivo should pass through the degradative pathway and 

disappear, revealing the tissue distribution of any Lipophorin subpopulation with a longer 

half-life. Indeed, examining Lipophorin localization in those wing discs after a 2-hour 

incubation reveals a stable population of Lipophorin that is found specifically in the 

anterior compartment, where Patched is expressed (Fig. 6.13). These data support the 

idea that, whereas most Lipophorin is internalized and degraded rapidly, Patched 

redirects trafficking of a small subset of Lipophorin particles to a more stable endocytic 

compartment.  
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Figure 6.13   Patched diverts trafficking of a subset of internalized Lipophorin. 
(A-C) apical region (0.7–2.8 µm below apical surface) of a wild type wing disc incubated in 

Grace’s medium for 2 hours and stained for Lpp (A, B) and Ptc (C). The ratio of average staining 

intensity in the posterior and anterior (LppP/LppA) compartments is 1.2. Lpp is retained 

preferentially in the anterior compartment cells where Ptc is expressed.  

Scale bars = 10 µm. A/P boundaries are indicated by blue lines.  

 

6.8 Mutation of the Patched Sterol-Sensing Domain perturbs lipid trafficking 

from Patched-positive endosomes 

Patched is homologous to bacterial transmembrane transporters and NPC-1, 

having in common the SSD (Tseng et al., 1999). The SSD of NPC-1 is required for efflux 

of sterols, sphingolipids and other lipids from late endosomes. These include lipids 

derived from internalized lipoprotein particles (Wojtanik and Liscum, 2003; Ikonen and 

Holtta-Vuori, 2004; Mukherjee and Maxfield, 2004).  

Since Patched was able to stabilize Lipophorin in endosomes, I hypothesized 

that sequestration of Lipophorin by Patched in these endosomes might give Patched 

access to Lipophorin-derived lipids. I then asked whether, in homology to NPC-1, the 

SSD of Patched similarly affected trafficking of Lipophorin-derived lipids from Patched-

positive endosomes. As mentioned above, Drosophila tissues are auxotroph for sterols 

and rely on their delivery by lipoproteins. Thus, visualization of sterols by Filipin, which 

stains free unesterified sterols, would be a convenient marker for Lipophorin-derived 

lipids. I over-expressed wild type Patched, PatchedSSD-GFP and PatchedSSD, both with 
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mutated SSDs, and Patched1130 with an intact SSD but missing its C-terminal tail, in the 

dorsal compartment of the wing disc, stained the tissue with Filipin and examined sterol 

distribution.  

I found, that over-expression of wild type Patched did not perturb sterol 

distribution (compare Fig. 6.14 A with Fig. 6.14 B). In contrast, both PatchedSSD-GFP 

and PatchedSSD caused sterol accumulation in Patched-positive endosomes at the apical 

region of the wing disc cells (Fig. 6.14 D-H). Interestingly, Patched1130 over-expression 

did not cause endosomal sterol accumulation (Fig. 6.14 C). This result confirmed our 

assumption that the SSD of Patched is specifically required for the exit of sterols from 

Patched-positive endosomes. Moreover, it showed that the ability to affect sterol 

trafficking correlates with the capability of Patched protein to sequester Lipophorin, 

because Patched and PatchedSSD-GFP, but not Patched1130 possess the ability to 

stabilize Lipophorin in Patched-positive endosomes. 

Combining the structural requirements of Patched for Lipophorin recruitment, I 

have concluded that Patched stabilized Lipophorin in the Patched-positive endosomes, 

and regulated the sterol efflux from these endosomes by its SSD.  
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Figure 6.14   Mutation of the Patched Sterol-Sensing Domain prevents endosomal 

sterol efflux. 
(A) sub-apical region of wild type wing disc stained with Filipin. (B-H) sub-apical region of discs 

expressing following different Ptc variants in the dorsal compartment: wild type Ptc (B), Ptc1130 

(C), PtcSSD (D), PtcSSD-GFP (E-H). (F-H) magnified images of the region boxed in (E): Filipin 

staining (F, H red) and PtcSSD-GFP (G and H green). PtcSSD and PtcSSD-GFP cause sterol 

accumulation in Ptc endosomes, whereas wild type Ptc and Ptc1130 do not (68.7 % of PtcSSD-GFP 

colocalize with Filipin, 88.9% of Filipin colocalize with PtcSSD-GFP; (P-Value)Costes = 1.0).  

Scale bars = 10 µm.  

 

6.9 Lipids mobilized by Patched are derived from newly delivered Lipophorin  

Next, I asked whether the sterol that accumulated in PatchedSSD-positive 

endosomes is derived from Lipophorin, which has been sequestered in these 

endosomes by Patched. Although it was a tempting hypothesis, it was also possible that 

membrane sterol, previously delivered by Lipophorin, would also be trapped in 

endosomes by mutation of the SSD of Patched. How could one specifically mark the 

sterol, newly delivered by Lipophorin and track its cellular fate upon the uptake? For this 

purpose, I made use of BODIPY-cholesterol (Holtta-Vuori et al., 2008), which I fed to the 

larvae coincident with induction of either Patched or PatchedSSD over-expression in the 

dorsal compartment of their wing discs. After 48 hours, I monitored the sterol distribution 

in these wing discs by live imaging for BODIPY. Confirming our previous idea, BODIPY-

cholesterol accumulated in apical endosomes of cells over-expressing PatchedSSD but 

not wild type Patched (Fig. 6.15). Thus, at least part of the accumulated sterol has been 

delivered to discs subsequent to the induction of Patched expression.  
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Figure 6.15   The specific effect of the Sterol-Sensing Domain of Patched on newly 

delivered sterol. 
(A-F) wing discs from larvae, which have been transferred from normal food to lipid-depleted 

medium containing 6,5µg/ml BODIPY-cholesterol coincident with induction of Ptc (A-C) or PtcSSD 

(D-F) over-expression in the dorsal compartment. (A, D) show apical, (B, E) – middle and (C, F) – 

basal sections of the wing disc (0.7 - 2.1 µm, 2.8 - 4.2 µm and 4.8 - 6.3 µm below apical surface, 

respectively). Newly delivered BODIPY-cholesterol accumulates in cells over-expressing PtcSSD 

but not Ptc.  

Scale bars = 10 µm.  

 

Further, it was tempting to assume that the stabilization of Lipophorin in Patched-

positive endosomes is required for its sequestration by the SSD of Patched. To test this 

hypothesis, I labeled the protein moiety of the purified Lipophorin with Alexa546, 

whereas its lipid contents were marked by BODIPY-cholesterol. Next, wing discs over-

expressing PatchedSSD in the dorsal compartment were incubated with these particles for 

40 minutes and subjected to live imaging. Whereas Alexa546-labeled protein moiety of 

the Lipophorin particles was degraded after 40 minutes, consistent with our previous 

results (see Fig. 6.12 G-I), BODIPY-cholesterol-labeled Lipophorin cargo accumulated 

only in cells of the PatchedSSD-over-expressing compartment (Fig. 8.7 in Supplements). 
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This showed that the SSD of Patched indeed acted to derive lipids from the delivered 

Lipophorin particles and that trafficking of at least one Lipophorin lipid – sterol – is 

perturbed when the function of Patched SSD is impaired. 

 

6.10 Mutation of the Patched Sterol-Sensing Domain perturbs Smoothened 

trafficking from Patched-positive endosomes 

At the end of section 6.3, the following questions were asked: first, do Lipophorin-

derived lipids repress Smoothened in an interaction with Patched and, if so, what are the 

requirements for this ensemble? Second, where and how do Lipophorin-derived lipids 

encounter Smoothened in the cell?  

Regarding the first question, my investigations have led to the conclusion that, 

after its internalization, a small subset of Lipophorin particles is stabilized in endosomes 

by Patched, the main requirement for this process being the C-terminal tail of Patched. 

Consequently, Lipophorin particles are sequestered by the SSD of Patched, which 

mobilizes Lipophorin-derived lipids – sterols at the least. 

However, it still remained unclear where and how could mobilized Lipophorin-

derived lipids encounter and affect Smoothened. 

Based on many studies investigating the regulation of Smoothened by lipophilic 

compounds (Frank-Kamenetsky et al., 2002; Chen et al., 2002a; Chen et al., 2002b), I 

hypothesized that Lipophorin-derived lipids would require close proximity to exert their 

effect on Smoothened trafficking. Thus, it was tempting to speculate that Lipophorin 

sequestration by Patched and subsequent Smoothened inhibition took place in the same 

endosomal compartment. Since mobilization of Lipophorin-derived lipids depended on 

the SSD, I wondered if mutation of this domain also affected Smoothened trafficking. 

Thus, I compared the distribution of Smoothened in cells of the wing discs over-

expressing either wild type Patched or PatchedSSD in the dorsal compartment. I observed 
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that, in striking contrast to the wild type form, PatchedSSD expression caused a dramatic 

accumulation of Smoothened in apical endosomes together with PatchedSSD and 

Lipophorin (compare Fig. 6.16 A-H with Fig. 8.8 A in Supplements). In the anterior 

compartment, PatchedSSD expression elevated basolateral Smo levels (Fig. 6.16 I-L), 

which was expected due to the activation of Smoothened signaling by this mutant form 

reported previously (Martin et al., 2001).  

 

 

Figure 6.16   Mutation of the Patched Sterol-Sensing Domain traps Smoothened in 

Patched-positive endosomes. 
(A-D) apical section (0.7 - 2.1 µm below apical surface) of a wing disc, which has been over-

expressing PtcSSD in the dorsal compartment for 18h, stained for Ptc (A, E and D, H blue), Smo 

(B, F and D, H green) and Lpp (C, G and D, H red). (E-H) are magnified images of the region 

boxed in (A-D). PtcSSD over-expression causes accumulation of Smo in Ptc- and Lpp-positive 

apical endosomes. Red arrowheads indicate examples of triple colocalization. In the dorsal 

compartment, 94.4 % of Ptc colocalize with Lpp; 94.8 % of Ptc colocalize with Smo; 91.6 % of 
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Lpp colocalize with Ptc; 96.7 % of Lpp colocalize with Smo; 81.8 % of Smo colocalize with Ptc; 

85.9 % of Smo colocalize with Lpp; (P-Values)Costes = 1.0). (I-L) basolateral region of a wing disc 

over-expressing PtcSSD in the dorsal compartment for 18h, stained for Ptc (I and L blue), Smo (J 

and L green) and Lpp (K and L red). Over-expression of PtcSSD elevates basolateral Smo.  

Scale bars = 10 µm. A/P boundaries are indicated by blue lines.  

 

To ask whether PatchedSSD might generally perturb the trafficking of basolateral 

membrane proteins, I examined the apical localization of Fasciclin III and Arrow in 

PatchedSSD over-expressing cells. Unlike Smoothened, neither Fasciclin III nor Arrow 

accumulated in endosomes with PatchedSSD, nor were their levels on the basolateral 

membrane altered (Fig. 6.17). Thus, mutation of the SSD specifically affected trafficking 

of both Lipophorin-derived lipids and Smoothened without perturbing localization of other 

basolateral membrane proteins.  

 

 

Figure 6.17 Over-expression of PatchedSSD does not affect basolateral proteins 

FasciclinIII and Arrow. 
(A-F) apical region (0.7 – 2.8 µm below apical surface) of wing discs over-expressing PtcSSD, 

which have been stained for Ptc (A, D), Lpp (B), FasIII (C), Smo (E) and Arr (F). Over-expression 

of PtcSSD causes dramatic Smo and Lpp accumulation in apical endosomes, but has no effect on 

basolateral proteins FasIII and Arr.  

Scale bars = 10 µm.  



 64 

Further, in order to confirm that the SSD of Patched induced endosomal 

Smoothened accumulation also when expressed at endogenous levels, I examined Smo 

localization in patchedSSD mutant cells. I observed a similar, though less dramatic 

colocalization of PatchedSSD, Smoothened and Lipophorin in punctate structures in 

patchedSSD mutant tissue (Fig. 6.18). Taken together, these observations indicated that 

Smoothened may normally traffic through Patched-positive endosomes, and that 

blocking the activity of the SSD of Patched not only causes endosomal lipid 

accumulation but also alters the trafficking of Smoothened from this compartment. 

 

 

Figure 6.18   Effects of the mutation in the Sterol-Sensing Domain of Patched on 

Smoothened trafficking. 
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All images show apical confocal sections 0.7–2.8 µm below apical surface. (A-C) a ptcSSD clone 

stained for Ptc (A and C green) and Smo (B and C red). (D-F) a ptcSSD clone stained for Ptc (D 

and F green) and Lpp (E and F red). (G-I) a ptcSSD clone stained for Lpp (G and I red) and Smo 

(H and I green). Smo is found in punctate structures containing PtcSSD and Lpp. Examples of 

colocalization are indicated by arrowheads (C, F, I).  

Scale bars = 10 µm.  

 

6.11 Purification of the active lipid species from Lipophorin-derived lipids 

 Having discovered, for a first time, that endogenous lipids regulate Smoothened 

trafficking and its activity, I was intrigued what the active species might be.  

Prior to the purification of the Lipophorin lipid extract, I first sought to determine 

the active unit of this complex lipid mixture. Therefore, I prepared liposomes with 

different Lipophorin lipid concentrations, incubated them with wing discs explanted from 

Lipophorin RNAi larvae and monitored the levels of Smoothened on the basolateral 

membrane. Testing different lipid concentrations, I found that ca. 350µg/ml total lipid 

were sufficient to reduce basolateral Smoothened levels in Lipophorin RNAi wing discs 

to the wild type level (Fig. 8.8 in Supplements).  

Next, I characterized the lipid classes of the Lipophorin lipid mixture by 

separating them by means of thin layer lipid chromatography (TLC). According to the 

standards, Lipophorin lipid extract contained neutral lipids, marked by triacylglycerol, 

phospholipids, marked by phosphoethanolamine and phosphatidylcholine, and sterols 

marked by cholesterol. However, the extract also contained bands not corresponding to 

any used standard, which might carry the active species as well. Therefore, visualizing 

the lipid bands by charring, we scratched all visible bands from the non-charred part of 

the TLC plate (Fig. 6.19 A). I prepared liposomes with lipids extracted from the 

scratched bands, incubated them with Lipophorin RNAi wing discs and monitored the 

basolateral Smoothened levels. Strikingly, I observed that only lipids from band no. 3 
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were able to reverse basolateral Smoothened accumulation to the wild type level (Fig. 

6.19 B). Thus, the active species was not a neutral lipid, sterol or phospholipid, since 

band no. 3 did not correspond to these standards. This was not surprising given the fact 

that phosphoethanolamine, phosphatidylcholine, diacylglycerol, cholesterol and 

ergosterol did not show any potential to reduce basolateral Smoothened levels (Fig. 6.7 

and data not shown). 
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Figure 6.19   Specific fraction (from band 3) of Lipophorin lipids reduces 

basolateral Smoothened accumulation. 
(A) Preparative TLC of Lpp lipid extract with indicated standards. Regions corresponding to the 

lipid bands 1 to 7, stained on the left part of the TLC plate, were scratched from the right part of 

the TLC plate and extracted from silica. Liposomes were prepared with the lipids from each 

fraction and applied to the wing discs from LppRNAi larvae for 2 hours. The discs were fixed, 

stained for Smo and the staining intensity was compared to that of Smo staining of the wild type 

discs. (B) shows quantification of Smo staining intensity of LppRNAi wing discs treated with each 
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lipid fraction (from bands 1-7) compared to that of mock-treated LppRNAi wing discs and to that 

of wild type discs. Elevated Smo levels in LppRNAi wing discs are reversed to the wild type levels 

upon treatment with Lpp-derived lipids from only band no.3 (p<0.0005). At least 6 discs were 

quantified for each condition.  

 

In parallel to this approach, I aimed to further purify the crude Lipophorin lipid 

extract by saponification. Saponification is the hydrolysis of an ester bond under basic 

conditions to form an alcohol and a carboxylate. By this means, lipid species such as 

triacylglycerides, diacylglycerides, sterol esters and phospholipids were removed from 

the Lipophorin lipid extract. I tested whether the non-saponifiable lipid fraction still had 

the activity to reduce basolateral Smoothened levels in explanted wing discs from 

Lipophorin RNAi larvae. Interestingly, the non-saponifiable lipids retained the full 

potential to reverse basolateral Smoothened accumulation (Fig. 20). 

 

 

Figure 6.20  Non-saponifiable Lipophorin-derived lipids reduce basolateral 

Smoothened accumulation. 
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Quantification of Smo staining of wing discs form LppRNAi larvae treated with Grace’s medium, 

Lpp-derived lipids and the non-saponifiable fraction of Lpp-derived lipids compared to Smo 

staining intensity of wild type wing discs. Elevated Smo levels in LppRNAi wing discs are 

reversed to the wild type levels by treatment with Lpp-derived lipids as well as by treatment with 

only the non-saponifiable fraction of Lpp-derived lipids (p<0.003). At least 6 discs were quantified 

for each condition.  

 

In summary, I have shown here that after internalization, Lipophorin particles are 

stabilized in an endosomal compartment by Patched, which mobilizes specific 

Lipophorin lipids via its SSD. This region of Patched also regulates the trafficking of 

Smoothened from this endosomal compartment, facilitating Smoothened degradation 

when Lipophorin lipids are present. 
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7                                                                                                        DISCUSSION 

 

 

7.1 The ongoing mystery of Smoothened repression – clues so far 

The mechanism of Smoothened repression by Patched has been one of the most 

intricate questions ever asked during investigations of the Hedgehog signaling pathway. 

Numerous studies provided bases for various suggestions concerning the modulation of 

Smoothened activity. Among these, the most popular hypothesis proposes Smoothened 

to be negatively regulated by binding of a small lipophilic molecule. Thereby, Patched is 

thought to regulate availability or presentation of such a molecule to Smoothened. 

However, there are still some ambiguities left with that theory. For instance, only 

vertebrate Smoothened has been shown to actually bind lipidic inhibitors so far. Further, 

while some of these repressor molecules share structural homology with cyclopamine, a 

sterol derivative, others do not appear to be of any common molecular origin (Frank-

Kamenetsky et al., 2002; Chen et al., 2002a; Chen et al., 2002b). Also, it has been 

generally unclear, where specifically in the cell an interaction between Patched, 

Smoothened and its inhibitor(s) might occur. Finally, all identified Smoothened inhibitors 

are not likely to be endogenous molecules. 

Additional mode of regulation has been described for the Drosophila 

Smoothened. There, Smoothened activity has mainly been brought into correlation with 

its subcellular distribution. Thus, stability of Smoothened at the basolateral membrane 

reflects its activation state (Denef et al., 2000; Nakano et al., 2004). Also, recruitment of 

Smoothened to the cell surface has been shown to correlate with its increased 

phosphorylation, which is thought to induce a switch in its conformation (Kalderon, 2005; 

Zhao et al., 2007). Although this is certainly an attractive model, many steps also remain 

to be clarified here. For instance, it has not been investigated in detail, what could trigger 



 72 

the step-by-step phosphorylation of Smoothened and its subsequent membrane 

translocation in response to the Hedgehog signal. Further, the role of Patched in this 

process remains to be poorly understood. 

At first sight, it seems that vertebrates and invertebrates developed two 

fundamentally different strategies for Smoothened regulation. However, theories 

mentioned above are not necessarily unconnected and might, in fact, even complement 

each other. Thus, the link between Smoothened activity and its subcellular localization, 

well established for the Drosophila Smoothened, meanwhile found its confirmation by 

studies in vertebrates. Thus, activation of mammalian Smoothened results in its 

recruitment to the primary cilia, which are specialized plasma membrane domains. At the 

same time, Patched, bound to Hedgehog, translocates to the internal stores. In the 

absence of Hedgehog, Smoothened is absent from the cilia, whereas Patched is found 

in this membrane compartment (Corbit et al., 2005; Haycraft et al., 2005; Huangfu and 

Anderson, 2005; Huangfu and Anderson, 2006; Rohatgi et al., 2007). Thus, combining 

the previously described data on Smoothened modulation by small lipidic molecules, it 

has been speculated that in the absence of Hedgehog Patched utilizes an inhibitor to 

induce a conformational switch and subsequent depletion of Smoothened from the 

primary cilium. If this view is correct, and the regulation of Smoothened molecules has 

remained principally similar throughout evolution, it is tempting to speculate that 

Drosophila Smoothened could also be influenced by a lipophilic inhibitor. Thus, this 

repressor molecule could either directly bind to Smoothened or indirectly regulate its 

subcellular localization in a Patched-dependent manner.  

This is an attractive model, which would be consistent with the established data 

from both biological systems. Nevertheless, there has as yet been no evidence to 

suggest that Patched alters lipid trafficking in any way. Furthermore, no such 

Smoothened-inhibitory molecule has been identified in vivo yet. Additionally, if Patched 
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could indeed control the availability of some hydrophobic repressor, it is not clear where 

this molecule could gain access to Smoothened, since endogenous Patched and 

Smoothened have not been observed to colocalize in mammalian or invertebrate cells. 

The present work provides a strong evidence for an endogenous inhibitory lipid, 

which is regulating Smoothened activity in Drosophila. Furthermore, it sheds some light 

on the previously unclear mechanistic steps of Patched action on invertebrate 

Smoothened, which could help to understand the basis of the general regulation of 

Smoothened molecules.  

 

7.2 The Sterol-Sensing Domain of Patched regulates Smoothened trafficking 

One of the main obstacles on the way to establishing a plausible mechanism for 

Patched-mediated Smoothened repression has been the lack of any evidence of the 

close proximity of these molecules in the cell. In this study, endogenous Smoothened 

and Patched have for the first time been observed to colocalize in the same subcellular 

compartment, the only prerequisite for this colocalization being the dysfunction of 

Patched SSD (Fig. 6.16). The SSD of Patched has been already reported to constitute a 

crucial structural requirement for Patched ability to inhibit Smoothened signaling (Martin 

et al., 2001).  

What could be the exact function of Patched SSD in this process? A structural 

homology between Patched and NPC-1 as well as their broader similarity with bacterial 

RND permeases, which belong to the larger family of multidrug-resistance (MDR) efflux 

pumps, might provide a substantial clue to this question. The common property of these 

proteins is their SSD domain, mutation of which interferes with the transporter function in 

the bacterial transmembrane pumps and with the function of NPC-1 (Watari et al., 1999). 

Strikingly, it is exactly that mutation in the SSD of Patched, which perturbs Smoothened 

trafficking and forces it to accumulate in PatchedSSD-positive endosomes. This suggests 
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that the direct function of Patched SSD might be similar to a transmembrane transporter, 

controlling trafficking of a hydrophobic messenger molecule, which could catalytically 

inhibit Smoothened – an attractive possibility repeatedly suggested during investigations 

of the Hedgehog signaling pathway (Taipale et al., 2002; Chen et al., 2002b). 

How could a lipid influence Smoothened activity? The fact that various small 

lipidic compounds can inhibit mammalian Smoothened led to a straightforward 

hypothesis that Patched facilitates binding of such a compound to Smoothened. 

However, the relationship of Smoothened with the family of seven-transmembrane 

receptors indicates a much broader range of possibilities for Smoothened regulation by a 

lipid. Thus, a fundamental property of these receptors is their ability to realign their 

transmembrane helices in response to hydrophobic cues, which results in a 

conformational change of the receptor and, therefore, its ability to interact with 

cytoplasmic effectors (Gimpl et al., 1997; Pitcher et al., 1998). This could lead to an 

alteration of receptor trafficking and, subsequently, its signaling activity. Thus, increased 

recycling of the receptor might enhance its signaling, whereas its predominant 

degradation could result in the neutralization of the signal. Smoothened might have 

retained this property, since its signaling activity correlates significantly with its 

subcellular localization. Thus, Smoothened is trafficking and accumulating at the 

basolateral membrane in the presence of Hedgehog, while being preferentially targeted 

to the degradative pathway in anterior compartment cells (Denef et al., 2000; Nakano et 

al., 2004). Notably, the hierarchy of the cell surface localization and activation of 

Smoothened has not been established so far. Thus, several possible scenarios exist as 

to how these two processes are linked. One possibility is that Smoothened signaling 

activity is regulated quantitatively and achieved simply by assembling high levels of 

Smoothened protein at the basolateral membrane. In this case, basolateral Smoothened 

trafficking would be required to induce pathway activation. Alternatively, activation of 
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Smoothened could be accomplished first, by an unknown mechanism, leading to its cell 

surface translocation, from where Smoothened could then signal. Finally, translocation 

of Smoothened to the basolateral membrane might be a consequence of relieved 

repression of Smoothened, whereas its activation would be achieved by another, 

separate signal.  

In general, trafficking of the proteins between different subcellular compartments 

is guided by numerous effector molecules, which associate with the endosomal 

membranes (Stenmark, 2009). The recruitment of these effectors is strongly influenced 

by the endosomal lipid composition, as seen for the different Rab proteins. Thus, lipid 

accumulation in endosomes of NPC-1 mutant cells strongly influences the activity of 

Rab7 (Lebrand et al., 2002), Rab9 (Ganley and Pfeffer, 2006) and Rab4 (Choudhury et 

al., 2004), perturbing degradation and recycling. Interestingly, NPC-1 is the closest 

homologue of Patched proteins, triggering an exciting possibility that Patched might 

function in a similar way to repress Smoothened signaling. In particular, Patched could 

regulate the lipid composition of the endosomes, where it is present, via its SSD. When 

Smoothened would traffic through this compartment, it could be exposed to lipids that 

are mobilized by Patched and that bias Smoothened trafficking towards degradation, 

terminating its signaling.  

Interfering with the SSD function would therefore prevent lipid mobilization by 

Patched and the balance between Smoothened degradation versus recycling would be 

favored towards the latter, causing a “traffic jam” in Smoothened trafficking. This would 

result in increased Smoothened accumulation in the endosomes as well as at the 

basolateral membrane, as observed in our work (Fig. 6.16). Accumulation of sterol in 

PatchedSSD-containing endosomes further supports this idea and indicates that the SSD 

of Patched is indeed required to control the lipid efflux from the endosomes (Fig. 6.14 

and 6.15). However, more detailed investigations are necessary to mechanistically 
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define the action of the SSD. Thus, it needs to be established, whether Patched 

functions as a lipid flippase or, alternatively, facilitates the intercalation of lipids into the 

endosomal membrane bilayer.  

 

7.3 Endogenous Smoothened inhibitor is derived from Lipophorin particles by 

Patched 

 How could Patched possibly gain access to a Smoothened-regulatory lipid? 

Generally, lipids are delivered to the wing disc cells in Lipophorin particles. 

Subsequently, Lipophorin is internalized and enters the endocytic route. Normally, the 

particles are sequestered, making their lipid contents available for further cellular needs. 

Mainly, lipids are utilized for the nutritional requirements. Thereby, NPC-1 promotes the 

transport of neutral lipids out of the lysosomal compartment, employing its SSD and 

interacting with NPC-2 (Infante et al., 2008a; Infante et al., 2008b; Infante et al., 2008c; 

Kwon et al., 2009). We have shown that Patched analogously regulates lipid trafficking 

via its SSD. However, this process does not take place in a degradative compartment, 

since sterols, which accumulate in PatchedSSD-endosomes, do not colocalize with 

lysosomal markers (not shown). This indicates that Patched might influence the 

trafficking of specific lipids, redirecting them from the common trafficking route, 

employed by NPC proteins for the delivery of bulk nutritional lipids. If this is the case, 

then Patched should also influence the trafficking of Lipophorin particles, which carry 

these lipids. Indeed, this work shows that Patched stabilizes a fraction of Lipophorin 

particles internalized by the wing disc cells, in an early endosomal compartment (Fig. 

6.10). Furthermore, we observed that depletion of Lipophorin from the system strongly 

interferes with the correct regulation of Hedgehog pathway, since Smoothened and, 

subsequently, the full-length transcription factor Ci155, accumulate in the wing discs from 

Lipophorin RNAi larvae (Fig. 6.1). This is a direct consequence of the absence of a 
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lipidic Smoothened regulator, since lipids derived from the wild-type Lipophorin particles 

directly affect Smoothened trafficking and signaling, promoting Smoothened depletion 

from the basolateral membrane and destabilizing Ci155 (Fig. 6.4 and Fig. 6.5).  

We succeeded to show that Patched is able to regulate lipid trafficking from the 

endosomes, where it is present. It is therefore reasonable to assume that stabilization of 

Lipophorin particles in Patched-positive endosomes would serve the sequestration of 

Lipophorin by Patched in order to make use of the lipid contents of the particles. If this is 

the case, then perturbation of the Patched SSD function would lead to impaired 

trafficking of Lipophorin lipids from Patched-positive compartment, which is exactly what 

we observed – Lipophorin-derived BODIPY-cholesterol accumulates in endosomes with 

PatchedSSD (Fig. 6.15). Furthermore, Patched indeed appears to recruit Lipophorin 

particles from their main utilization route in the cell and promote the efflux of their 

specific lipid cargo. Thus, when the protein moiety of Lipophorin particles was marked 

with Alexa546 and their lipidic contents were labeled with BODIPY-cholesterol, the 

particles were taken up normally. When Lipophorin reached the Patched-positive 

compartment, it accumulated there for at least 20 minutes (not shown), consistent with 

our previous results. After two hours, we did not observe the accumulation of Lipophorin 

protein moiety labeled by Alexa546, indicating its degradation or rapid recycling. 

However, the BODIPY-labeled lipid cargo accumulated in the endosomes when the 

function of Patched SSD was impaired (Fig. 8.7 in Supplements). Thus, this work 

provides a first evidence for an endogenous inhibitor of Smoothened signaling – it is a 

lipid derived from lipoprotein particles and utilized by Patched via its SSD. 

Notably, although these results support the idea that a sterol or a sterol derivative 

might account for the activity of Lipophorin lipid extract, it is also possible that Patched 

SSD regulates trafficking of other lipids, since RND transporters have been shown to 
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possess extremely broad substrate specificities (Piddock, 2006). This possibility will be 

discussed further. 

 

7.4 Role of Patched in lipid trafficking  

Notably, Patched regulates the trafficking of only a small subset of the whole 

Lipophorin pool (Fig. 6.13), providing a plausible mechanism as to how a specific – and 

possibly not very abundant – Lipophorin lipid could execute a crucial effect on 

Smoothened signaling. Thus, Patched is unlikely to be required for endosomal sterol 

efflux in general – it only influences the lipid composition of the subset of endosomes in 

which it is present and which constitute a special subcellular compartment different from 

the endocytic route utilized for the neutral lipid storage. In agreement with that, it has 

previously been shown that blocking the transport of bulk nutritional lipids by affecting 

the vesicular trafficking of NPC-1 does not significantly interfere with the Hedgehog 

signaling pathway (Incardona et al., 2000). We therefore hypothesize that Patched-

mediated sequestration of Lipophorin diverts these particles away from trafficking 

pathways that promote neutral lipid storage. Consistent with that theory, Patched has 

recently been reported to reduce the accumulation of neutral lipid in a manner that does 

not depend on its SSD. Rather, this effect of Patched appears to depend on its ability to 

sequester Lipophorin (Callejo et al., 2008). 

Interestingly, members of another family of MDR efflux pumps – ATP-binding 

cassette (ABC) transporters – have recently been shown to participate in reverse 

cholesterol transport and thereby modulate the assembly of the lipid rafts (Fitzgerald et 

al., 2010). In a similar manner, Patched might contribute to organization of a special lipid 

environment in the endosomes. Based on the analogy to the primary cilium in 

vertebrates, it is tempting to speculate that Drosophila cells might have developed a 

similar specialized compartment, which could serve as a recruitment platform for the 
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components of the Hedgehog signaling pathway. The unique lipid composition of this 

compartment, generated by the action of the SSD of Patched, could alter Smoothened 

conformation, in a way that would favor its degradation. This idea correlates with the 

generally accepted theory that Smoothened and other members of the Hedgehog 

signaling pathway localize to microtubule-associated complexes scaffolded by Costal 2 

(see also Fig. 4.2). 

However, it is clear that other regions of Patched protein are equally important to 

provide efficient Smoothened destabilization. Thus, free addition Lipophorin lipids to the 

cells, which only express the mutant PatchedSSD, can circumvent the requirement for the 

SSD function, since the lipids are already mobilized in liposomes, and deplete 

Smoothened from the basolateral membrane (Fig. 6.9 E-H and J). However, the same 

treatment is not sufficient to destabilize Smoothened in the total absence of Patched 

protein in patchedIIw tissue (Fig. 6.9 A-D and I). This result is not surprising and 

correlates with an earlier observation that accurate regulation of Smoothened trafficking 

by Patched requires an intact C-terminal tail – a region of Patched, which is responsible 

for its correct internalization and turnover (Lu et al., 2006). Further, we observed that 

Patched1130X – a mutant form of Patched protein completely missing the C-terminal tail – 

was no longer able to stabilize Lipophorin in endosomes, showing that this region of 

Patched is required for correct Lipophorin sequestration (Fig. 6.11 A-C). Notably, the 

ability of Patched to recruit Lipophorin is not mediated by Hedgehog, since Patched∆loop2 

is unable to bind Hedgehog, but nevertheless efficiently sequesters Lipophorin in 

endosomes (Fig. 6.11 G-I). Based on these data, one could imagine that Patched cycles 

between the plasma membrane and a specific internal compartment, where it 

encounters internalized Lipophorin particles – a process dependent on the C-terminal 

region of Patched. Once sequestered, Lipophorin particles serve as a source of lipids 

needed for Smoothened destabilization, mobilized by the SSD of Patched. Thereby, the 
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lipid composition of the endosome where Patched, Lipophorin and Smoothened localize, 

is altered, potentially inducing a change in Smoothened conformation and/or recruitment 

of cytoplasmic effectors facilitating its degradation – this process requires an intact C-

terminal tail and possibly other regions of Patched protein. 

 

7.5 Lipid candidates for Smoothened repression 

 Which Lipophorin-derived lipids does Patched mobilize to regulate Smoothened 

trafficking? We started to identify the active compound by fractionation on a TLC. 

Thereby, lipid species were separated based on their hydrophobicity and the abundant 

lipid bands were tested for their activity to destabilize Smoothened. Interestingly, our 

analysis identified one specific lipid fraction – extracted from the TLC band no. 3 – to 

have retained the full potential to reduce basolateral Smoothened levels when added to 

the explanted wing discs (Fig. 6.19). Preliminary results from the analysis of the lipid 

composition by mass spectroscopy suggest that ceramides and/or possibly other 

sphingolipids constitute the main lipid components of this fraction, as well as of the non-

saponifiable lipid fraction, which also has a potential to reduce basolateral Smoothened 

levels (Fig. 6.20). Sphingolipids are attractive candidates, since many of them have 

been shown to participate in regulation of receptor signaling and play significant roles in 

various cellular processes, such as cell proliferation, apoptosis, cell cycle arrest, 

senescence, and inflammation (Ogretmen and Hannun, 2004; Ozbayraktar and Ulgen, 

2009). However, commercially available ceramides did not show any activity in our 

assay so far (not shown). The reason for that might originate from structural differences 

of Drosophila lipids, which have several specific molecular characteristics, whereas most 

of the commercially available lipid species mainly resemble vertebrate lipids (Jones et 

al., 1992; Wiegandt, 1992; Rietveld et al., 1999; van Meer et al., 2008). Another 

possibility is that ceramides, being the most abundant lipid species in that fraction, might 
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mask the presence of the actual active lipid. For instance, the region of the TLC where 

band no. 3 is located also corresponds to the mobility region of specifically modified, e.g. 

hydroxylated, sterols. Generally, sterols are attractive candidates for the role in 

Smoothened regulation, since they are present in Lipophorin particles and the SSD of 

Patched is able to regulate sterol trafficking from Patched endosomes. Nevertheless, our 

data do not support the possibility for bulk membrane sterol to affect Smoothened, since 

dietary sterol depletion neither alters Smoothened levels on the basolateral membrane, 

nor interferes with other aspects of Hedgehog signaling. Futhermore, addition of 

ergosterol, the most abundant membrane sterol in Drosophila (Rietveld et al., 1999), 

does not reduce Smoothened accumulation (Fig. 6.7). However, our data do not rule out 

the possibility that a specifically modified sterol species or a unique Drosophila sterol 

derivative might act at low concentrations to affect Smoothened signaling. Also, it is 

possible that several lipid species comprise a potential to inhibit Smoothened and might 

even act in conjunction. This idea is also consistent with the fact that the transporters of 

the RND family of permeases, which Patched and NPC-1 are members of, have rather 

broad substrate specificities (Piddock, 2006). For instance, it has been shown for NPC-

1, that mutation of its SSD alters endosomal trafficking of many different lipids – 

sphingolipids, lysophospholipids and sterols being some examples of those (Wojtanik 

and Liscum, 2003; Ikonen and Holtta-Vuori, 2004; Mukherjee and Maxfield, 2004). 

Further fractionation as well as a more detailed analysis of the lipid compounds in the 

effective lipid fraction would shed light on the identity of the active lipid species. 

 

7.6 Possibilities in Smoothened regulation 

One relevant possibility for Smoothened regulation results from the fact that 

mammalian Smoothened can be affected by binding of different lipid species – agonists 

and antagonists (Frank-Kamenetsky et al., 2002; Chen et al., 2002a; Chen et al., 2002b; 
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Bijlsma et al., 2006). Thus, activation of Smoothened might be achieved by an action of 

an agonist, availability or presentation of which might be negatively regulated by the 

SSD of Patched. Indeed, Smoothened activity and its subcellular localization has been 

observed to be positively influenced by oxysterols and several synthetic compounds 

(Corcoran and Scott, 2006; Dwyer et al., 2007). 

In fact, this hypothesis suggests a plausible mechanism for counteraction of 

Hedgehog with the repressive action of Patched on Smoothened (see also Fig. 7.2). 

Previously, Hedgehog has been shown to move throughout the wing disc tissue, being 

anchored in the phospholipid monolayer of Lipophorin particles (Panáková et al., 2005). 

Thus, a portion of internalized Lipophorin particles carries Hedgehog molecules on them, 

being mostly concentrated in the region near the Hedgehog-producing cell of the 

posterior compartment of the wing disc. Further away from the anteroposterior 

compartment boundary, free Lipophorin is more abundant than Hedgehog-transporting 

Lipophorin. There, Lipophorin is internalized independently of Hedgehog and, once 

reached the Patched-positive and Smoothened-containing endosomes, its contents can 

be utilized by Patched SSD and can act on Smoothened.  

Close to the A/P boundary, where the concentration of Hedgehog on Lipophorin 

is the highest, the complex is internalized by binding of Hedgehog to Patched. This 

interaction increases Patched degradation (Incardona et al., 2000) and may thereby 

prevent Lipophorin sequestration and lipid mobilization. Alternatively, binding of 

Hedgehog could change the conformation of Patched in a way that would interfere with 

the function of Patched SSD. Thus, Hedgehog is thought to bind to the extracellular 

loops of Patched (Marigo et al., 1996). This is exactly the region, which is important for 

conferring substrate specificity in RND family transporters (Elkins and Nikaido, 2002; 

Mao et al., 2002). This facts suggest that Hedgehog binding to Patched might prevent 

the mobilization of Smoothened inhibitory lipid from the Lipophorin particles. At the same 
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time, it might allow the access of Smoothened to a potential agonist. Thus, regulation of 

Smoothened might involve both – its Patched- and Lipophorin lipid-mediated 

degradation and/or its exhibition to an agonist, possibly present among the membrane 

lipids upon blocking the SSD activity of Patched by Hedgehog. 

 

7.7 Further transduction of Smoothened signaling 

In general, Smoothened activity – modulated by the lipid composition of the 

endosomal compartment – might subsequently regulate its signal transduction solely 

through recruitment of different effector components of the Hedgehog signaling pathway. 

This is a likely possibility, based on the fact that other members of the family of seven-

transmembrane receptors act in a similar way to transmit the signal. Thus, these 

proteins employ their extracellular domain, sometimes in association with the 

transmembrane helices, for binding of a potential ligand, whereas the helical region 

functions as a conformational switch to regulate the recruitment of cytoplasmic effectors 

to the C-terminal cytoplasmic domain (Fig. 7.1). Thereby, different ligands can trigger 

activation of different signal transduction pathways (Perez and Karnik, 2005). 

Consequently, multiple effector proteins and the receptor itself assemble into a complex, 

which propagates the signal. Finally, internalization of the activated receptor leads to a 

desensitization of the signal (Pitcher et al., 1998).  

 

 

Figure 7.1   Schematized structure of Smoothened. 
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The N-terminal extracellular domain and the transmembrane helices (indicated in green) regions 

of Smo are highly conserved across phyla (adapted from (Ioannou, 2001)). 

 

Interestingly, the N-terminal extracellular domain of Smoothened has been 

shown to be essential for the activity of the protein, since its deletion interferes with 

Smoothened signaling and causes mislocalization of the protein (Nakano et al., 2004; 

Aanstad et al., 2009). Furthermore, the helical region of the mammalian Smoothened 

has been observed to interact with agonist and antagonist molecules (Frank-

Kamenetsky et al., 2002). Thus, further transduction of Hedgehog signaling may be 

regulated through recruitment of different effector proteins to Smoothened, which 

depends on its conformation influenced by an interaction with an activating ligand. 

Thereby, this ligand could be made available in Patched-positive endosomes when 

binding to Hedgehog blocks the repressive transporter activity of the Patched SSD. 

 

7.8 Two possible modes of Smoothened signaling 

Recently, mammalian Smoothened has been proposed to be activated in a two-

step process. Thereby, Smoothened needs first to be translocated into the primary 

cilium, which, however, is insufficient for the induction of target gene transcription. This 

step can be repressed by cyclopamine. Full activation of Smoothened signaling is only 

achieved during the second step of induction by an unknown mechanism – a process 

controlled by Patched (Aanstad et al., 2009; Rohatgi et al., 2009).  

Based on these arguments and our own observations described in this work, we 

hypothesize that Smoothened can actually achieve various states of signaling in 

Drosophila wing disc cells. Thus, its internalization into the endosomal compartment 

might favor its inactive state, being controlled by Patched and a Lipophorin-derived 

inhibitory lipid. Hedgehog-induced Patched degradation and/or its failure to sequester 
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Lipophorin and mobilize its lipids might partly activate Smoothened signaling, preventing 

its degradation. Further activation of Smoothened might be achieved by an interaction 

with an activating lipid compound, available in Patched-positive endosomes only in the 

presence of Hedgehog.  

Consistent with this idea, loss of Lipophorin reproduces only a subset of the 

effects on Smoothened signaling – while it stabilizes Smoothened and causes 

Smoothened-dependent accumulation of full length Ci155, it does not allow target gene 

activation (Fig. 1). Interestingly, a similar uncoupling of Ci155 stability and target gene 

activation has been already observed in fused and dally mutants (Alves et al., 1998; 

Wang and Holmgren, 1999; Eugster et al., 2007). Therefore, it is tempting to speculate 

that depletion of Lipophorin arrests Smoothened in a partly activated state.  

How does this signaling mode of Smoothened promote Ci155 stabilization? In 

Drosophila, large portion of the latent full-length form Ci155 is anchored in the cytoplasm 

by the regulatory complex that is scaffolded by Costal 2 and includes the kinases PKA, 

CKI and GSK3β (Robbins et al., 1997; Sisson et al., 1997; Stegman et al., 2004; Zhang 

et al., 2005). When the kinase activity is abolished, Ci155 is not degraded. Interestingly, 

the phosphorylation sites of Ci resemble those primed by PKA, CKI and GSK3β in the C-

terminal tail of Smoothened (Jia et al., 2004). This triggers the idea that partly activated 

Smoothened recruits these kinases to the endosomes and competes with Ci155 for a 

binding partner, thereby interfering with the cleavage and inducing stabilization of Ci155.  

However, full activation of Smoothened is necessary to promote further activation 

of Ci155 and induce the transcription of target genes. This step requires Hedgehog and 

cannot be accomplished in the wing disc cells of Lipophorin RNAi larvae, since 

Hedgehog is transported on Lipophorin and is therefore missing in the anterior 

compartment. The molecular basis of further Smoothened activation could simply be an 

alteration of its conformation. This change could either be induced by binding of an 
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activating ligand or by phosphorylation and subsequent dimerization as it has been 

proposed earlier (Hooper, 2003). Thereby, modified lipid composition of the endosomes 

as a result of the alteration of Patched SSD action in the presence of Hedgehog might 

facilitate both – an interaction of Smoothened with such an agonist and/or 

phosphorylation of Smoothened, which would induce its full signaling activity as 

suggested previously (Zhao et al., 2007). Finally, the physical properties of the activator 

form of Ci155 have not been identified yet, but might involve a post-translational 

modification of the transcription factor (Ohlmeyer and Kalderon, 1998; Hooper and Scott, 

2005). Future investigations, focusing on the subcellular localization and activity state of 

other members of Hedgehog signaling cascade, are therefore necessary to further 

elucidate these processes. 

 

7.9 Applications 

Since more than a decade now, the idea of a lipophilic Hedgehog pathway 

inhibitor, acting on Smoothened and catalytically regulated by Patched, is being 

explored. Resulting from many chemical screens, several natural and artificial 

compounds have been proven to have an inhibitory potential on Smoothened signaling. 

However, even though some derivatives of these molecules have now entered clinical 

trials as treatments for various forms of cancer (Rudin et al., 2009; Dierks, 2010), 

identification of an endogenous Smoothened inhibitor would be much more helpful in the 

development of anti-cancer drugs, regarding possible side effects. This work shows, for 

the first time, that one or more lipids derived from Drosophila Lipophorin act in 

conjunction with Patched to regulate Smoothened trafficking and activity in vivo.  

Interestingly, preliminary results from our collaborative work with Philipp Beachy 

and colleagues indicate that Lipophorin lipids not only regulate Smoothened in 

Drosophila, but also have a similar repressive effect on the mammalian Smoothened. 
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Thus, Lipophorin lipid extract interferes with Smoothened signaling in light2 cells 

(personal communication) – a cell culture model system to monitor mammalian 

Hedgehog signaling (Taipale et al., 2000). Moreover, Lipophorin lipids can apparently 

compete with cyclopamine for the binding to Smoothened in fibroblast cell culture 

(personal communication). These observations further emphasize the potential of 

Lipophorin lipids for anti-cancer drug development. Following fractionation of the 

Lipophorin lipid extract to identify the active lipid species is therefore crucial and would 

provide a solid basis for future implementations. 

 

 

Figure 7.2   A model for Patched-mediated Smoothened destabilization  
Smo (blue) is internalized and moves through endosomes that contain Ptc (red) and Lpp (pink). 

From these endosomes, Smo is either sorted to degradation or recycled to the basolateral 

membrane. This decision is controlled by Ptc. Ptc regulates the lipid composition of these 

endosomes via its SSD – partly by promoting the mobilization of lipids derived from Lpp (pink 

stars). 

(A) Ptc destabilizes Smo. Here, Lpp lipids bias Smo trafficking towards degradation.  

(B) Hh blocks lipid mobilization by Ptc. Here, Hh (yellow) on Lpp particles inhibits the mobilization 

of inhibitory lipids by Ptc. This elevates Smo levels on the basolateral membrane.  

(C) Hh increases Ptc degradation. Here, Hh induces rapid degradation of Ptc and Lpp, thereby 

preventing Lpp sequestration and lipid mobilization. This elevates Smo levels on the basolateral 

membrane. 
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The results of this work enable us to suggest a working model, which is 

consistent with what is already known about the nature of Smoothened regulation by 

Patched. Thus, in the absence of Hedgehog, the transmembrane proteins Patched and 

Smoothened cycle between the basolateral membrane and the endosomes. At the same 

time, Lipophorin particles are internalized and either traffic along the degradative 

pathway that promotes neutral lipid storage or encounter the endosomes containing 

Patched. There, Lipophorin is stabilized, which allows Patched to mobilize Lipophorin-

derived lipids via its SSD, thereby altering the lipid composition of these endosomes.  

Smoothened that passes through Patched-containing endosomes can be 

targeted either for degradation or recycling, depending on the lipid composition of these 

endosomes. Thus, when Lipophorin-derived lipids, mobilized by Patched SSD, are 

available in this compartment, they bias Smoothened trafficking towards degradation. On 

the other hand, when the activity of Patched is impaired – either by dysfunctional SSD or 

through binding of Hedgehog to Patched – Lipophorin particles cannot be sequestered 

and Smoothened is targeted to the basolateral membrane. In summary, total 

Smoothened levels on the basolateral membrane and, consequently, its ability to 

stabilize Ci155 are regulated through a balance between Smoothened degradation versus 

its recycling, which is controlled by Patched and one or more Lipophorin-derived lipid 

species. 



 89 

 
 
 
 
 
 
 
 
 
 
 

SUPPLEMENTS 

 

 



 90 

8                                                                                                    SUPPLEMENTS 

 
 

 

Figure 8.1   Protein-free derivation of Lipophorin lipids.  
Western blot of a Lpp fraction and of an equivalent amount of liposomes constituted from Lpp 

lipids probed for both ApoLI and ApoLII. Both ApoLI and ApoLII are abundant in the Lpp fraction 

even at short exposure (*), but not in the lipid fraction, even at long exposure (**). 

 

 

Figure 8.2   Major lipids present in Lipophorin.  
Thin layer chromatograph of lipid extracts of Lpp particles with indicated standards. This 

experiment has been performed by Maria Joao Carvalho. 
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Figure 8.3   Patched over-expression does not perturb endocytic compartments. 
(A-D) Apical region (0.7 - 2.8 µm below apical surface) of a wing disc over-expressing Ptc (A) in 

the dorsal compartment for 18 hours and ubiquitously expressing Rab5-CFP (C) and Rab7-YFP 

(D) has been stained for Lpp (B). Although Lpp is stabilized in Ptc over-expressing cells, neither 

Rab5 nor Rab7 positive endosomes are larger or more abundant in the dorsal compartment.  

Scale bar = 10 µm. A/P boundaries are indicated by blue lines.  

 

 

Figure 8.4   Expression levels of different Patched alleles. 
Western blot of extracts of wing imaginal discs, which have been over-expressing Ptc, Ptc1130, 

PtcSSDGFP and PtcSSD. It has been probed for Patched and actin. 
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Figure 8.5   LpR1 increases Lipophorin uptake, but does not affect Lipophorin 

degradation. 
(A-D) Apical region (0.7 - 2.8 µm below apical surface) of a wing disc over-expressing LpR1-GFP 

(A, C and B, D green) in the dorsal compartment has been incubated with Alexa546-labeled Lpp 

particles (B, D red) for 10 minutes and then either fixed immediately (A, B) or washed and 

subsequently incubated in Grace’s medium for 20 minutes (C, D). The ratio of average staining 

intensity in the dorsal and ventral (LppD / LppV) compartments in pulse and chase is (LppD / 

LppV)pulse = 1.8 and (LppD / LppV)chase = 0.97, respectively. LpR1 facilitates Lpp uptake but does 

not decrease Lpp degradation.  

Scale bars = 10 µm. A/P boundaries are indicated by blue lines.  

 

 

Figure 8.6   Patched decreases Lipophorn degradation and stabilizes it in early 

endosomes. 
(A-F) Apical region (0.7 - 2.8 µm below apical surface) of a Ptc over-expressing wing disc 

ubiquitously expressing Rab5-CFP which was incubated with labeled Lpp particles for 10 minutes 

and fixed immediately. The image shows cells in the over-expressing compartment imaged for 

Ptc (A and D, E, F red), Lpp (B and E, green and F, blue) and Rab5-CFP (C and D, F green). Lpp 

and Ptc colocalize in Rab5-positive endosomes (in the dorsal compartment, 60.3 % of Ptc 

colocalizes with Lpp, 90.2 % of Ptc colocalizes with Rab5; 80.2 % of Lpp colocalizes with Ptc, 

77.3 % of Lpp colocalizes with Rab5; 33.3 % of Rab5 colocalizes with Ptc, 21.0 % of Rab5 

colocalizes with Lpp; (P-Values)Costes  = 1.0).  

Scale bars = 10 µm.  
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Figure 8.7   Mutation of the Sterol-Sensing Domain of Patched perturbs derivation 

of lipid cargo from internalized Lipophorin particles. 
(A, B) apical region (0.7 - 2.8 µm below apical surface) of a wing disc from a larvae over-

expressing PatchedSSD in the dorsal compartment, incubated for 40 minutes with purified 

Lipophorin particles double-labeled with BODIPY-cholesterol and Alexa546. Whereas Alexa546-

labeled protein moiety is absent, BODIPY-cholesterol-labeled Lipophorin cargo accumulates in 

cells of the PatchedSSD-over-expressing compartment.  

Scale bars = 10 µm.  

 

 

Figure 8.8   Localization of Smoothened in Patched-over-expressing cells.  
(A) apical (0.7 - 2.8 µm below apical surface) and (B) middle (2.8 - 4.2 µm below apical surface 

section of a wing disc over-expressing Ptc in the dorsal compartment, which has been stained for 

Smo. Ptc reduces both apical and basolateral Smo levels. 

Scale bars = 10 µm.  
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Figure 8.9   Amount of Lipophorin-derived lipids necessary for reduction of 

basolateral Smoothened levels. 
Quantification of Smo staining of wing discs from LppRNAi larvae treated with Grace’s medium or 

with liposomes prepared with 35 µg/ml, 117 µg/ml or 350 µg/ml of Lpp-derived lipids, compared to 

Smo staining intensity of wild type wing discs. Elevated Smo levels in LppRNAi wing discs are 

reversed to the wild type levels by treatment with 350 µg/ml Lpp-derived lipids (p<0.00006). At 

least 6 discs were quantified for each condition.  
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9                                                                                MATERIAL AND METHODS 

 

Drosophila stocks 

The wild type Oregon R flies, as well as hs-flippase, ap-GAL4, adh-GAL4, tub-GAL4 and 

tubP-GAL80ts fly stocks are available from the Bloomington Stock Center.  

Transgenic lines were obtained from: UAS<HcRed>dsLpp (Panáková et al., 2005), UAS-

Ptc (Martin et al., 2001), UAS-PtcS2GFP (Torroja et al., 2004), UASPtcSSD (Martin et al., 

2001), UAS-Ptc1130x (Johnson et al., 2000), tubP-CFPRab5 (Marois et al., 2006), 

UAS<HcRed>Rab7TN (Marois et al., 2006). 

 Mutants: ptcIIw (also known as Ptc16) (Strutt et al., 2001) , ptcS2 (Martin et al., 2001). 

 

Induction of RNAi 

LppRNAi was induced as described (Panáková et al., 2005) using Adh-GAL4 to drive fat 

body expression in larvae 48 hours after egg laying. Wing imaginal discs were dissected 

from larvae after 4 days of LppRNAi induction and analyzed further. 

 

Clonal analysis 

PtcS2 and ptcIIw clones were generated as described (Martin et al., 2001).  

 

Induction of Patched transgenes 

Ap-GAL4, tubP-GAL80ts/UAS-Ptc, Ap-GAL4, tubP-GAL80ts/UAS-PtcSSD, Ap-GAL4, tubP-

GAL80ts/UAS-PtcS2-GFP and Ap-GAL4, tubP-GAL80ts/UAS-Ptc1130x animals were reared 

at 18oC, 3rd instar larvae were transferred to 29oC for 16 hours.  
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Antisera 

Rabbit anti-Patched antibody was generated against the 2nd extracellular loop of the 

Patched protein and used at 1:300. 

 

Immunohistochemistry 

Imaginal discs were dissected in PBS at 4oC, fixed in 4 % paraformaldehyde for 20 

minutes and permeabilized with 0.05 % Triton X-100 in PBS (PBT) twice for 10 minutes. 

The imaginal discs were then blocked three times for 15 minutes in PBT + 1 mg/ml BSA 

+ 250 mM NaCl and incubated overnight with the primary antibody in PBT + 1 mg/ml 

BSA. Subsequently, the discs were washed twice for 20 minutes with PBT + 1 mg/ml 

BSA, twice for 20 minutes with the blocking solution PBT + 1 mg/ml BSA + 4 % normal 

goat serum and then incubated for at least 2 hours with the secondary antibody diluted 

1:1000 in the blocking solution. The antibody was removed by washing three times for 

15 minutes with PBT and three times for 15 minutes in PBS. Finally, the discs were 

mounted with Prolong Anti Fade reagent (Molecular Probes).  

Primary antibodies were diluted as follows: rat anti-Ci 2A1 1:10 (Wang and Holmgren, 

1999), mouse anti-Patched 1:100 (DSHB, University of Iowa, Department of Biological 

Sciences, Iowa City, IA 52242.), mouse anti-Smoothened 1:50 (DSHB, University of 

Iowa, Department of Biological Sciences, Iowa City, IA 52242.), rabbit anti-Hedgehog 

1:500 and guinea pig anti-Lipophorin 1:1000 (Eugster et al., 2007). 

 

Lipid depletion 

The lipid depleted feeding medium was prepared with 10% chloroform-extracted yeast 

autolysate (Sigma), 10% glucose, 1% chloroform-extracted agarose and 0,015% 

Nipagen in water. The ingredients were mixed and boiled. Chloroform extraction of yeast 

autolysate and agarose was performed by incubation of the substances in 3 volumes of 



 98 

chloroform (Fluka) overnight and subsequent washing with 3 volumes of chloroform for 

four hours. Then, the substances were filtered through Whatman paper and air-dried. 

Early 2nd instar larvae were transferred from normal food to lipid-depleted medium for 4 

days. Membrane sterol levels were visualized by filipin staining. 

 

Feeding with BODIPY-cholesterol 

Ap-GAL4, tubP-GAL80ts/UAS-Ptc larvae were reared at 18oC until they reached the 2nd 

instar. Then they were transferred from normal food to the lipid-depleted medium 

containing 6.5 µg/ml BODIPY-cholesterol (Holtta-Vuori et al., 2008) and reared at 29oC 

for 16 hours. Then, the larvae were dissected in Grace’s medium (Sigma) at room 

temperature and their imaginal discs were transferred onto glass slides into drops of 

medium delimited by a chamber of double-sided adhesive tape (Greco et al., 2001). The 

discs were oriented with the apical surface facing the cover slip and subjected to live 

imaging using Zeiss LSM 510 confocal microscope.  

 

Filipin staining 

Imaginal discs were dissected in PBS at 4oC, fixed in 4 % paraformaldehyde for 20 

minutes and washes twice for 10 minutes in PBS. Then, the discs were stained with the 

50 µg/ml Filipin solution (Sigma) for 30 minutes, washed twice for 10 minutes with PBS 

and subsequently mounted with Prolong Anti Fade reagent (Molecular Probes). 

 

Image analysis 

All quantified immunostaining was performed on discs that were dissected, fixed, stained 

and imaged in parallel using the same microscope settings. To quantify Ci and 

Smothened staining intensities, three apical sections 0.7 µm apart were projected using 

maximal intensity in ImageJ. For each image, two rectangles of 100 pixels parallel to the 
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A/P axis by 351 pixels parallel to the D/V axis were selected and centered at the A/P 

boundary in ventral and dorsal compartments. Average pixel intensity was determined 

as a function of distance from A/P boundary using PlotProfile and plotted using Microsoft 

Excel. All A/P boundaries were determined according to anti-Ci or anti-Patched co-

immunostaining. 

To estimate the significance of changes in staining intensities in discs of different 

genotypes, we measured Smoothened or Ci staining intensity at the same distance from 

the A/P boundary in each disc and calculated p values using Excel. 

To quantify percent colocalization we used the colocalization plugin of the Fiji image 

processing software. Statistical significance was determined according to (Costes et al., 

2004), where (P-Value)Costes = (1 – the fraction of randomized images giving a Pearson 

correlation coefficient greater than the original image).  

 

Western blotting  

Membranes were incubated with mouse anti-Patched (DSHB, University of Iowa, 

Department of Biological Sciences, Iowa City, IA 52242.) 1:100 and anti-actin (Sigma) 

1:1000; followed by HRP conjugated anti-mouse IgM 1:5000 (Dianova) and anti-rabbit 

IgG 1:5000 (Dianova), respectively. 

 

Isolation of Lipophorin particles 

Lipophorin particles were isolated from wild type 3rd instar larvae by first homogenizing 

them in TNE buffer (100 mM Tris-Cl pH 7.5, 150 mM NaCl, 0.2 mM EGTA) plus protease 

inhibitors (Roche). The larvae were then broken with a loose pestle and the tissues and 

larval carcasses were pelleted by centrifugation at 1000g for 10 minutes. Supernatants 

were centrifuged at 33,600 rpm for 3 hours in a SW40Ti rotor (Beckman) to remove 

debris. Subsequently, KBr (Merck) was added to the sample to a concentration of 0.33 
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g/ml. The mixture was centrifuged at 39,000 rpm for 64 hours in a SW40Ti rotor. The top 

fraction (1.5 ml) of the density gradient, containing yellow-coloured Lipophorin particles, 

was removed and desalted on a Sephadex G-25 PD-10 column (Amersham Pharmacia 

Biotech) to replace TNE + KBr with PBS. Prior to that, the columns were equilibrated 

with 5 volumes of PBS. 

 

Labeling of Lipophorin particles with Alexa546 succinimidyl ester probe  

The labeling procedure was adapted from the Molecular Probes product information 

sheet for Amine-reactive probes. 

1) preparation of Alexa546  

1 mg of the Alexa546 dye (Molecular Probes) was dissolved in 100 µl of DMSO to a final 

concentration of 10 µg/µl. Aliquots of 10 µl were dried in the speed vacuum and 

immediately used or stored at -80 0C.  

2) labeling 

1 volume of desalted Lipophorin particles was mixed with 0.1 volume of 1M NaHCO3, pH 

8.3-9 in order to maintain the amine groups of Apolipophorin in a non-protonated state. 

An aliquot of Alexa546 dye was dissolved in 10 µl of DMSO (Sigma) and slowly added to 

the Lipophorin particles, while constantly vortexing the sample. The reaction was 

agitated at room temperature for at least one hour. Labeled Lipophorin particles were 

separated from the unreacted dye using Sephadex G-25 PD-10 columns and eluted with 

PBS. Prior to that, the columns were equilibrated with 5 volumes of PBS.  

 

Uptake assay with labeled Lipophorin 

Desalted Lipophorin particles were labeled with amine-reactive Alexa-546 probe as 

described above. Ap-GAL4, tubP-GAL80ts/UAS-Ptc larvae, reared at 29oC for 18 hours, 

were dissected in Grace’s medium (Sigma) and incubated with labeled Lipophorin 
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particles (at a protein concentration of 0.5 mg/ml in Grace’s medium) for 10 minutes at 

22ºC. 10 minutes is the minimum time required to see uptake of labeled Dextran by 

imaginal disc cells (Marois et al., 2006). The discs were then either washed immediately 

in PBS at 4ºC and fixed (4% PFA for 20 minutes at room temperature), or washed and 

incubated for varying times in Grace’s medium at 22ºC before fixation. 

 

Two-step Bligh and Dyer method for lipid extraction 

Lipids were extracted from purified Lipophorin particles by a two-step Bligh and Dyer 

method (Bligh and Dyer, 1959). Thereby, 1 volume of purified Lipophorin particles was 

agitated for one hour with 3.75 volumes of chloroform (Fluka) : methanol (Merck), mixed 

in a proportion of 1:2. Then, 1.25 volume of chloroform was added and vortexed for one 

minute. Then, 1.25 volume of water was added and vortexed for one minute. The 

sample was centrifuged for 20 minutes at 1000 rpm and the lower (organic) phase was 

collected to a clean glass tube. The upper phase was mixed with 1.88 volumes of 

chloroform, vortexed and centrifuged for 20 minutes at 1000 rpm. The lower phase was 

collected and combined with the previously collected one. The solvent was evaporated 

under a flow of nitrogen and the lipid sample either subjected to immediate analysis or 

stored at -20ºC. 

 

Lipid quantification by charring 

Total lipid concentration was measured by a method modified from (Marsh and 

Weinstein, 1966). Cholesterol solutions of 15, 30, 60, 90 and 120 µg were used as lipid 

standards. The standards and the lipid samples were placed in clean glass tubes and 

the solvent was evaporated from the samples by heating them at 120ºC. Then, 2 ml of 

sulfuric acid was added to each sample and incubated for 15 minutes at 200ºC. The 

samples were cooled by placing the tubes for 15 seconds in water at room temperature 
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and then transferred to an ice bath for 5 minutes. Subsequently, 3 ml of water was 

added to each sample, the contents were mixed thoroughly and the samples were 

replaced on ice. When cool, the optical density was photometrically measured at the 

wavelength of 375 nm. 

 

Uptake assay with liposomes 

Liposomes were prepared from dried lipids by sonication for 30 minutes into Grace’s 

medium to produce a final total lipid concentration of 500 µg/ml. Assuming that 

hemolymph represents approximately half of the larval volume, this concentration should 

be similar to that of lipids contributed by the Lipophorin fraction of the hemolymph. Wing 

imaginal discs from hsp70-flp/+; Adh-GAL4/+; UAS<HcRed>dsLpp/ + larvae were 

incubated in Grace’s medium or in Grace’s medium + liposomes for 2 hours at 22ºC. 

Discs were fixed and immunostained as previously described. 

 

Uptake assay with liposomes and Red Dextran  

3rd instar larvae were dissected at 25oC in Grace’s insect medium. To stain the endocytic 

compartments, imaginal discs from hsp70-flp/+; Adh-GAL4/+; UAS<HcRed>dsLpp/ + 

larvae were incubated in 10,000 MW lysine fixable Red Dextran diluted 1:10 in Grace’s 

medium or in 10,000 MW lysine fixable Red Dextran diluted 1:10 in Grace’s medium + 

liposomes for 2 hours at 22ºC, then fixed and immunostained as previously described. 

 

Saponification 

To remove saponifiable lipids, dried Lipophorin lipid extract containing 500 nmol of total 

lipid was incubated at 80ºC with 2 ml of 0.3 M methanolic potassium hydroxide for one 

hour. After cooling, the non-saponifiable fraction was extracted by two washes with 
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diethyl ether, the fractions were combined and run through weak anion exchange DEAE 

Sephadex A-50 column to remove the contaminating fatty acids.   

 

Preparative Thin Layer Chromatography 

Lipophorin lipid extract and relevant lipid standards were loaded on thin layer 

chromatography (TLC) silica plates (Merck) and run in two sequential solvent systems. 

Thereby, the plate was first run in a mixture of chloroform : triethylamine : ethanol : water 

(35 : 35 : 40 : 9), to separate the more hydrophilic lipids. Then, the plate was placed in a 

solvent mixture of isohexane : ethyl acetate (5 : 1) to achieve better separation of 

hydrophobic lipids according to (Kuerschner et al., 2005). For further analysis, the TLC 

plate was split in two halves – one contained the lipid standards and a stripe of the 

Lipophorin lipid extract sample and was detected by spraying with 20 % sulfuric acid and 

heating to 150-200ºC for 10 minutes. The second TLC part contained the residual 

Lipophorin lipid sample and was used for the scraping and extraction of lipid bands, 

without performing the detection step. 

 

Extraction of TLC bands 

Lipophorin lipid bands of interest were scraped from the TLC plate into separate glass 

vials. Then, lipid was extracted from the silica by agitation with 500 µl of chloroform : 

methanol (2 : 1) for 20 minutes and the solvent was collected to a new tube. The pellet 

was re-extracted by agitation with 500 µl chloroform : methanol (2 : 1) and supernatant 

was combined with the previous one. To remove the silica, the sample was centrifuged 

at 14000 g for 15 minutes and supernatant was collected to a clean glass vial. The lipids 

were dried and immediately used for further experiments or stored at -80ºC. 
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