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“El mundo era tan reciente, que muchas cosas carecían de nombre, y para 

mencionarlas había que señalarlas con el dedo.” 

 

“The world was so recent that many things lacked names, and in order to indicate 

them it was necessary to point.” 
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Preface 

A millenary journey to understand development 

“Even the scientists were on this side of the question. The English naturalist Ross 

announced learnedly that: “To question that beetles and wasps were generated in cow dung 

is to question reason, sense, and experience.” 1 

 

From our current perspective, it is evident how a new organism is created; however, 

this discussion has fascinated and challenged people since ancient times. Nowadays, we 

know that multicellular organisms are not created as wholly made beings. Instead, we arise 

by the process of gradual progressive transformation known as development. In most 

cases, the development of a multicellular organism begins with a single cell: the fertilized 

egg, which divides and differentiates to produce all the cells of the body 2. However, 

achieving this basic biological concept has neither been easy nor straightforward, and 

throughout millennia scientists developed numerous theories to explain how an organism 

arises.  

Remarkably, already 300 BC, Aristotle wondered about the development of 

organisms. He opened an egg and observed the daily changes in the developing chick. 

Then, he formulated the idea of sequential growth of the embryo’s parts by the development 

of latent fragments that already exist in the seed. In part, Aristotle postulated two concepts 

that remained dormant for many years. On one hand, epigenesis, which is the de novo 

generation of each individual and on the other hand, preformation, where all the organs are 

initially present in a miniature form inside the egg. Outstandingly, humanity had to wait 2000 

years to formally scrutinize these concepts again. First, we learned from Francesco Redi, 

Lazzaro Spallanzani, and Louis Pasteur that all organisms come from another organism. In 

the case of animals, thanks to the work from William Harvey, we know that all of us come 

from a single entity, the egg 3. However, the nature and the content of such an egg remained 

elusive for many more years.  

The invention of the microscope by Leeuwenhoek enabled scientists, like Marcello 

Malpighi, to continue Aristotle’s studies on the developing chick, albeit at a microscopic 

resolution. Malpighi wished to know whether inside an egg before the hen’s incubation, a 

miniaturized chick was already present. Unfortunately, he misinterpreted his findings; he 

thought he was observing a non-incubated egg and supported preformation theories (some 

theories suggest that his mistake may come from the Italian summer temperatures which 

resembled an incubation which could have triggered the chick development). Therefore, the 

work of Malpighi started maybe the hugest dispute in embryology, the debate, or, more 
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precisely, the battle over epigenesis versus preformation 4. It will take humanity 150 years 

and plenty of resources to puzzle out the incognita. It was not until the 1820s that the 

preformationism era came to an end with the work of Christian Pander. He discovered that 

the embryo originates from undifferentiated layers (germ layers) that develop into the rest 

of the organs 5. However, one of the most amazing disclosures in biology was still to occur. 

Karl Reinhold Ernst von Baer made this discovery. Back in 1828, von Baer reported, “I have 

two small embryos preserved in alcohol, that I forgot to label. At present, I am unable to 

determine the genus to which they belong. They may be lizards, small birds, or even 

mammals.” 4. At that time, von Baer did not realize the power of his observations, which set 

the basis of the relationship between development and evolution. In other words, he 

discovered that across the animal kingdom, we all share the same developmental 

mechanisms 3. Nowadays, such a relationship allows us to make use of the similarities 

between animal species to better understand the succession of changes that must take 

place in an organism to ultimately give rise to an adult 3.  

The fact that animals evolved from a common ancestor in which critical 

developmental genes were already present entitles us to extrapolate underlying 

developmental mechanisms from worms (e.g., nematodes) to mammals. Vertebrates 

diverged approximately 600 million years ago, and still in humans, around 50% of the genes 

show common ancestry with the nematodes 3. It is fascinating that throughout these 600 

million years, all these developmental mechanisms have stayed almost unchanged, and 

even more remarkable is that they work in such a perfect way that animals managed to 

colonize the whole Earth. However, from time to time, there are “mistakes” during 

development, often, as a consequence of a mutation, organisms that differ from the “normal” 

specimens arise 5. Such deviant specimens amazed humanity since ancient times, and 

maybe they are even responsible for creating myths. For sure, already in the 1660s, the 

existence of an abominable one-eyed horse resembling the mythical Cyclops was formally 

documented for the first time 6. However, it was just in 1968 that it became clear that the 

condition of being a one-eyed creature (cyclopia) could be induced by “monster-former” 

compounds (teratogens) derived from the plant Veratrum californicum 7. Moreover, thanks 

to developmental studies in the fruit fly, the molecular mechanisms behind cyclopia were 

revealed. These studies pointed to the existence of a signaling pathway known as the 

Hedgehog (Hh) pathway, which is responsible for the establishment of the developmental 

plan of animals, including the formation of both eyes, and adulthood processes8. 

Consequently, proving von Baer’s observations and showing the striking developmental 

similarities between evolutionarily distant organisms, in this case, flies and humans. As a 

result of the exceptional work on describing the Hedgehog pathway and the contribution 
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regarding the genetic control of early embryonic development, Christiane Nüsslein-Volhard 

and Eric F. Wieschaus received the Nobel prize in 1995.  

The Hh pathway is one of the central regulators of animal development; it has a role 

in several developmental processes, and it has become a paradigm for classical signaling 
9. Furthermore, the significance of the study of Hh signaling broadens from evolutionary 

developmental biology to regenerative medicine and cancer research. Consequently, the 

list of processes requiring Hh signaling expands continuously, as expected, such expansion 

grows along with the number of publications inquiring Hh roles and means of action. 

Regardless of the existence of thousands of studies concerning Hh signaling, there are still 

many open questions regarding the contribution of Hh signaling in development and animal 

physiology. For instance, while the receptor of the Hh pathway is conserved throughout the 

animal kingdom, key components presumably essential for signal transduction are not 

found in some animals like nematodes. A fact that makes this pathway especially enigmatic 
9, why would worms keep a truncated signaling pathway? To generally enlarge our 

knowledge of the conserved but non-canonical roles of Hh signaling, in this work, we 

focused on the study of one of the evolutionarily conserved components of the pathway in 

the nematodes. Our findings will help us to better understand in more detail some of the 

most enigmatic and elusive features of the pathway. 
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Summary 

The Hedgehog (Hh) signaling pathway is essential for animal development and 

health maintenance. In the canonical Hh pathway, the signaling molecule Hh binds to the 

membrane cholesterol transporter PTCH, thereby relieving the inhibition of Smoothened 

(SMO), which in turn activates a signaling cascade required for proper development. 

Nonetheless, increasing evidence points to the existence of SMO-independent Hh 

pathways. However, the co-existence with the canonical pathway has undermined the 

efforts to characterize these novel pathways. C. elegans is an excellent model to study 

SMO-independent Hh pathways. However, even if this worm lacks SMO, the PTCH 

homologs are essential for worm development, therefore, indicating that the Hh pathway 

still operates in worms. Thus, we studied the role of two PTCH proteins in the C. elegans’ 

SMO-independent context to elucidate their function in an essential non-canonical Hh 

pathway. 

Here, we demonstrate that the loss of PTC-3 leads to the accumulation of 

cholesterol at the plasma membrane in vivo. Further analysis of the lipid metabolism 

revealed a reduction in acyl-chain length and desaturation, which suggested membrane 

structure defects. Indeed, we discovered defects in ER structure and lipid droplets. Even 

more, we show evidence that cholesterol accumulation modulates the function of nuclear 

hormone receptors such as the PPARa homologs NHR-49 and NHR-181. Finally, reduction 

of dietary cholesterol rescued all described phenotypes, consequently improving 

development and survival. Therefore, our data uncover a novel SMO-independent pathway 

which is necessary for lipid homeostasis and fat storage. 

Concomitant with the evolution of PTCH homologs, Patched-related proteins (PTR), 

another group of proteins derived from the ancestral PTCH evolved. However, the roles 

PTRs play in the cell and whether they share functions with other PTCH proteins remains 

to be determined. Our work indicates that cholesterol regulation is a conserved function of 

the PTR protein PTR-4. However, we showed that PTC-3 and PTR-4 have different and 

specific roles in C. elegans development. Interestingly, the analysis of PTR-4 expression 

pattern revealed that protein levels and localization are dynamic throughout larval growth, 

suggesting dynamic cholesterol levels during development. Finally, a phenotypical 

characterization of animals lacking PTR-4 protein or a hypomorph allele of PTR-4 revealed 

a role of the protein in cuticle stability, which has an impact on locomotion. 

In summary, through the use of the nematode as a model organism, we have shown 

how PTCH proteins have a conserved role in cholesterol modulation. Furthermore, we 

demonstrated that they have essential SMO-independent roles.  
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1. Introduction 

Studies in metazoans have revealed that while the final result of a developing 

organism looks quite different, there is remarkable preservation in the developmental 

mechanisms among animals. For instance, if we compare flies and humans, we can 

appreciate that we own the same developmental signaling pathways, and our cells share 

the same cell-to-cell communication processes. Moreover, some critical cellular 

mechanisms during animal development have even been first described in a small worm, 

C. elegans. This nematode was the first multicellular organism to be sequenced. 

Furthermore, it was a critical model for breakthrough discoveries deserving Nobel prizes, 

such as the genetic control of programmed cell death 10 and gene silencing by interference 

RNA (RNAi) 11. C. elegans is a free-living nematode that grows in the wild on rotting fruits 

and stems. This nematode provides several advantages as a model organism. It is one of 

the most convenient laboratory animals to handle, thanks to its small size (~1 mm length), 

rapid life cycle (~48 hrs. from egg to sexually mature animal), hermaphrodite condition 

(capable of self-fertilization), and large brood size (~ 300 fertilized eggs per hermaphrodite). 

In the lab, it is cultivated on agar plates seeded with Escherichia coli as a food source 12–14. 

Even more convenient, there is a broad molecular toolkit to study gene expression and 

protein localization in the worm. It includes the insertion of genes into the worm (either 

extrachromosomal and integrated arrays, or single gene integration), followed by germ-line 

transmission of the gene and further analysis of the resulting phenotype in the progeny 15,16. 

As well, RNAi, a specific post-transcriptional gene silencing process that can be triggered 

by double-stranded RNA (dsRNA), is extensively used in C. elegans 11. dsRNA can be 

delivered into life worms by four means, injection of dsRNA into the animal, soaking the 

worm in dsRNA, in vivo production of dsRNA from transgenic promoters, and the easiest of 

all, feeding with bacteria producing dsRNA 17. 

C. elegans larval development occurs outside the eggshell (Fig.1.1). Worm’s 

development comprises four larval stages and a facultative diapause stage. These 

characteristics make C. elegans an excellent organism to study and manipulate essential 

genes in vivo during development after critical developmental stages. Therefore, in 

combination with RNAi, we can affect protein expression in precise moments 18. 
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developmental biology and cancer biology revealed many similarities between early 

development and tumorigenesis 28. For instance, in the adult gut epithelium, the up-

regulation of Hh is associated with the differentiation of gastric glands and gastric 

metaplasia 29. These outcomes correlate with the postulated functions of Hh in differentiated 

digestive tissues as a mediator of gut stem cell maintenance 30. 

Mutations in central components of the pathway are responsible for Gorlin syndrome 
31,32, and the deregulation of the Hh pathway is connected to numerous types of cancer 33, 

for instance, basal cell carcinoma 34, leukemia 35,36, skin31, lung 37, brain 38, and 

gastrointestinal 39 cancers. In 2012 a competitive antagonist of the pathway was approved 

by the FDA to treat basal cell carcinoma and Gorlin syndrome40. Unfortunately, new clinical 

trials of further Hh signaling inhibitors in other types of cancer as pancreatic, colon, and 

ovarian cancers have failed, indicating an existent need for broadening our understanding 

of Hh signaling 40–43. 

1.2 The Hedgehog pathway 

The Hh pathway is a mean of intercellular communication. The signal-sending cell 

of the Hh pathway produces Hh as a precursor. Then, Hh is activated by its cleavage into 

two fragments. It is noteworthy to mention that the active fragment (N-terminus) requires 

further modification before secretion. Two modifications are added to the active polypeptide, 

cholesterol to its C-terminus and palmitate to the N-terminus 44. In animals (e.g., mammals), 

these modifications are likely required to allow Hh to interact with lipoprotein particles, 

thereby allowing it to travel to the target cells 45–47. Once the modified Hh molecule reaches 

the target cell, Hh binds the receptor PTCH repressing its function. In the absence of Hh, 

the receptor PTCH inhibits the G-protein-coupled receptor Smoothened (SMO) without 

physically interacting with it. After PTCH inhibition of SMO is released, SMO activity 

promotes the transcription of developmental genes by inhibiting the repressive action of 

Fused (Fu), Suppressor of fused (SuFu), and Costal 2 (Cos2) on the transcription factor 

Cubitus interruptus (Ci)48–51 (Fig. 1.2).  

Due to the importance of the Hh pathway in development and health maintenance, 

various regulatory feedback loops ensure proper levels of Hh signaling. For example, PTCH 

is a transcriptional target of the Hh pathway. Since Hh signaling promotes PTCH 

transcription, it creates negative feedback by restoring SMO inhibition if no more Hh is 

present 40. Likewise, in mammals, the Ci homolog GLI promotes its own transcription, and 

the newly synthesized GLI creates a positive regulatory loop promoting gene transcription 

in response to Hh activation 27. Consequently, any alteration in these regulatory feedback 

loops could give rise to abnormal signaling by either too high or too low activation of the 
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independently of SMO are due to a long-range activity. Recently, it was shown that in colon 

cancer-derived stem cells, the non-canonical Hh signaling positively regulates the WNT 

pathway 57. Importantly, this new pathway is dependent on the interaction between SHH 

and PTCH1 but independent of the action of SMO 57. These results strongly suggest that 

besides the primary role of PTCH1 targeting SMO, and the previously mentioned Cyclin B 

interaction, the protein may have other targets. However, the plausible non-existing 

interaction between PTCH and its targets limits the study of the non-canonical Hh pathway. 

As an alternative, some studies have proposed that an evolutionary evaluation can pinpoint 

the origin of Hh signaling and provide light into the PTCH mechanism 58. 

1.3 The evolution of the Hedgehog pathway  

The Hh pathway went through several changes and expansions during evolution, 

but still, the central mechanism and functions of the Hh pathway remain virtually unchanged 

from arthropods to mammals. Specifically, in mammals three hedgehog ligands exist, Sonic 

hedgehog (SHH), Indian hedgehog (IHH) and Desert hedgehog (DHH) 27. PTCH receptors 

include the two homologs PTCH1 and PTCH2. Hence, both the receptors and ligands could 

play redundant functions in signaling 59,60. Furthermore, in mammals, Ci evolved into three 

members GLI1, GLI2, and GLI3. Interestingly, while GLI1 and GLI2 are activators of the 

pathway whose expression increases in response to Hh ligands, GLI3 is a negative 

regulator of the pathway 61,62.  

Despite the identified redundancies and gene amplification, the primary Hh pathway 

is highly conserved during evolution, except for nematodes, where PTCH proteins (PTC) 

and Hh are present, but SMO is absent (Fig. 1.3A-C). As a result, it is of singular interest to 

analyze the pathway in nematodes as a way to study essential PTCH dependent but SMO-

independent pathways. A phylogenetic analysis of PTC showed that PTC-1 and PTC-3 are 

clear homologs of PTCH. On the other hand, in worms, another group of proteins, PTCH 

related proteins (PTRs), evolved, they share a common ancestor with PTCH but diverge in 

evolution together with mammalian PTCH domain-containing proteins (PTCHD) (Fig. 1.3D). 

While PTCHD proteins do not seem to be involved in Hh signaling 58,63–65, the role of PTRs 

in Hh signaling is unknown 49,66,67.  
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and GRL arose from each other, and some studies suggest that together with Hh genes are 

derived from a common ancestral gene 74. The Hh related genes in worms have a predicted 

signal peptide for secretion, and then, it is likely that they are secreted. Therefore, they 

could interact with the PTCH homologs (PTC-1 and PTC-3) similarly to Hedgehog with 

PTCH in other organisms 58.  

Another component of the pathway, TRA-1, the homolog of the transcription factor 

GLI, is involved in sex determination and gonad development in males and hermaphrodites, 

however, whether PTC proteins regulate its activity is still debated 49,71,75. In addition, 

several other key players of the Hedgehog pathway, such as SuFu and Cos homologs, 

have been lost during evolution in nematodes. Furthermore, as mentioned previously, no 

SMO homolog is encoded in the worm genome (Fig.1.3 C). Consequently, nematodes seem 

to have retained an incomplete Hh signaling pathway in which some components are 

missing while other components as PTCH exist (Fig.1.4).  

Proteins from the PTCH family are predicted to contain 12 transmembrane domains, 

and a sterol-sensing domain (SSD). PTCH proteins are members of a protein superfamily 

that contains bacterial and archaeal resistance-nodulation division (RND) transporters. 

PTCH and RND transporters are proton antiporters that catalyze active transmembrane 

efflux of substrates by the use of a physiological proton gradient 76,77. It has been postulated 

that throughout the transition to multicellular organisms, a pre-existing sterol homeostasis 

system mediated by a PTCH ancestral protein acquired new functions in signaling 58. 

Initially, the primordial sterol transporter diversified into a primitive PTCH, which could sense 

sterol concentration and modulate its levels in specific cellular membranes. Secondly, one 

of the descendants of the PTCH ancestor became transcriptionally controlled by a primitive 

SMO-GPCR that sensed the same sterol. Finally, the incidental addition of cholesterol to 

the Hh protein moiety originally conveyed the system under the control of gene expression. 

On that account, an adjacent cell could secrete the Hh bound to cholesterol and block the 

transporter, providing how the Hh secreting cell would now able to change the perceived 

state of the receiving cell. This way, a cell–cell communication system was established 58.  

Hence, the fact that nematodes express PTCH homologs, that in the case of C. elegans 

are essential for development and survival 72,73 makes tempting to speculate that PTCH 

could have additional targets besides SMO (Fig.1.4). Those targets are likely part of a SMO-

independent pathway that higher metazoans might have conserved. More importantly, in C. 

elegans, those targets are expected to be essential for survival; altogether, this makes 

worms a new exciting system to study the role of the evolutionarily conserved elements of 

the Hh pathway.  
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Even though PTC proteins have been shown to have multiple roles in regulating C. 

elegans physiology and development, the molecular mechanisms underlying the function 

of the different PTC and PTRs in nematodes remain mostly unknown. Therefore, they are 

a possible approach to study PTCH-dependent but SMO-independent Hh signaling. 

Consequently, there is a need to characterize their functions and effects in cellular 

physiology. 

1.4 Cholesterol levels as decisive mediators of PTCH function  

The structural analysis of PTCH1 provided strong evidence that PTCH1 functions 

as a cholesterol permease 85,87–90. More precisely, PTCH1 structure revealed a hydrophobic 

conduit with sterol-like contents90, two additional steroid-shaped densities were resolved, 

one in the extracellular domain and a second one in the membrane-embedded cavity of 

PTCH1’s SSD. Furthermore, structural changes upon Hh binding suggest that Hh inhibits 

the permease function, and as a consequence, plasma membrane cholesterol levels would 

increase. Altogether, demonstrating in vitro that PTCH1 mediates the export of inner leaflet 

cholesterol, export that can be regulated by Hh89 (Fig.1.7).  

The dimerization of PTCH1 has been suggested as a critical feature to initiate Hh 

signaling87. Interestingly, the structural analysis showed an asymmetric arrangement of two 

PTCH1 molecules87. The binding of SHH to a tunnel in the PTCH1 structure explains 

PTCH1’s dimerization. This tunnel can be blocked by mutations in the extracellular domain 

of PTCH1, mimicking a palmitate insertion. These mutations abolish the Hh pathway 

repression by PTCH1. Similarly, a structure-guided mutational analysis revealed that 

interaction between SHH and PTCH1 is steroid-related 85,90. As a result, both modifications 

(palmitate and cholesterol) on SHH may function to join two PTCH1 receptors (Fig. 1.7).  

Although SMO can bind different sterols, cholesterol acts as an endogenous SMO 

activator, driving its conformational change, which enables further signaling91. Therefore, it 

is very likely that the inhibition exerted by PTCH on SMO is cholesterol-dependent. 

Advocating that SMO might sense the increase of membrane cholesterol levels upon Hh 

binding to PTCH1 through its sterol sensing domain, such sensing thereby activates the 

GPCR 77,92. Further evidence was provided by the shared essentiality of the hydrophobic 

pore in PTCH1. The pore is not just necessary for cholesterol export but also for SMO 

suppression90. This cholesterol-dependent mechanism would then explain the non-

stoichiometric inhibition of PTCH1 over SMO 93.  
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precursor located at the ER. Cholesterol depletion promotes transit of SREBP2 to the Golgi 

where it is cleaved, allowing the active fragment to stimulate gene expression. In contrast 

to SREBP2, SREBP1 regulates fatty acid, phospholipid, and triacylglycerol biosynthesis. 

As expected, SREBP1 is not controlled by cholesterol but rather by feeding cues like 

phosphatidylcholine depletion113. Remarkably, C. elegans has only one single ortholog of 

SREBP, SBP-1, which regulates lipid storage, similar to SREBP1 114. SBP-1 prompts 

transcription of stearoyl-CoA desaturase genes. As well, SBP-1 responds to low levels of 

S-adenosylmethionine and phosphatidylcholine to activate lipogenesis115. A response 

similar to SREBP2 has not been found in C. elegans, contributing to the lack of knowledge 

of the precise mechanism of cholesterol regulation in the nematode. 

Sterol signaling during C. elegans development 

It is important to note that in contrast to mammals, C. elegans is a cholesterol 

auxotroph that relies on dietary sterol ingestion for normal growth116. The lack of cholesterol 

during worm development reduces adult life expectancy by 40%. Furthermore, sterol 

deprived animals lose motility and muscle mass 117. For normal growth and development in 

the wild, nematodes can directly utilize cholesterol or convert plant sterols such as sitosterol 

and stigmasterol into 7-dehydrocholesterol and cholesterol 118,119. In the laboratory, worms 

are grown in the presence of 5 mg/l of cholesterol120. A study using the cholesterol analog 

DHE showed in adults cholesterol accumulation in the oocytes and sperm, while in 

developing larvae, cholesterol is enriched in the pharynx, nerve ring, and intestine 121.  

Contrary to mammals in C. elegans, the majority of sterols are not esterified and 

stored in lipid droplets. Consequently, the immediate use of them either as structural or 

signaling components is expected. However, it is unknown how C. elegans is using and 

regulating sterols across its development and lifetime. This process is expected to be 

crucial, provided the worm's inability to store large amounts of cholesterol. 

Sterol signaling has an essential role during worm development. In the wild, larvae 

need to sense the environment and decide between developing into adults or entering dauer 

diapause and wait for proper conditions to develop into adults (Fig. 1.4). In the decision 

making of entrance into dauer stage or continuous development, steroid hormones are 

essential 122,123. Accordingly, worms require cholesterol available at the right time and place 

in order to synthesize dafachronic acid (DA), the hormone required to achieve reproductive 

growth 124. When larvae encounter a favorable environment, the insulin and TGFb pathways 

are active, and growing larvae produce Δ4- and Δ7-dafachronic acid. To generate DA, 

worms convert cholesterol into 7-dehydrocholesterol (7-DHC) by the Rieske oxygenase 

DAF-36, followed by the action of the short-chain dehydrogenase DHS-16 and the 

cytochrome P450 known as DAF-9 or the hydroxysteroid dehydrogenase HSD-1 125,126.  DA 
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binds and activates the transcription factor DAF-12, preventing the entry into the dauer 

stage123. If the environment is not advantageous for development, worms do not produce 

DA, and therefore DAF-12 does not become active 127. 

There is growing evidence showing that in the nematode, cholesterol has a role 

in DA-independent processes 111. Consequently, specific levels of steroid hormones may 

prompt different signals 124. Unfortunately, due to the lack of precise analytical methods to 

convincingly uncover the relationship between steroids and physiological outcomes, these 

interactions remain elusive.  

Alternative targets of sterol signaling in C. elegans are nuclear hormone receptors 

(NHRs). NHRs are a family of transcription factors regulated by lipophilic molecules like 

steroids, retinoids, bile, and fatty acids. Interestingly, in the worm, NHRs suffered a vast 

expansion, there are 284 receptors, compared to 21 in flies and 48 in humans 128. NHRs 

can form heterodimers harboring distinct functions 129–131. Regardless of the great 

importance of NHR regulation, the physiological ligands of most NHRs are scantily 

characterized due to a lack of suitable techniques. More importantly, the role that the 

massive NHR expansion plays during nematode life and development is unknown. 

Interestingly, NHRs are also known to affect molting, which is dependent on sterol 

regulation111.  

Molting is the process of removing the old larval cuticle with a new bigger cuticle. 

The cuticle is the worm exoskeleton that safeguards the worm from the environment. The 

cuticle attaches to worm muscles. Consequently, locomotion requires an integral and 

functional cuticle 132. Cuticle and molting defects can be a consequence of mutations in 

genes encoding structural components of the cuticle. As previously mentioned, additionally 

to defects in the structural components of the cuticle, alterations in other signaling 

molecules can induce cuticle defects, for instance, impaired sterol signaling, and alterations 

in genes related to hormonal control (e.g., NHRs) promote cuticle defects 72,122,133–135. 

Furthermore, another group of genes linked to molting defects are PTC and PTR proteins.  

Altogether, the observed phenotypes in PTC mutant worms and the molecular 

function of PTC proteins suggest a connection between them and the regulation of 

cholesterol signaling 77,87–89. Under this premise of a conserved cholesterol transport 

function, the oscillating levels of PTC, PTRs, and Hh-like proteins, we hypothesized that 

PTC and PTRs give the worm the possibility to finely time cholesterol levels locally and 

temporally throughout development, potentially to control sterol signaling.  
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2. Aim of the thesis 

This thesis aimed to elucidate the molecular mechanism of a non-canonical Hh 

pathway using the C. elegans as model system. Even though there is extensive evidence 

highlighting the relevance of the non-canonical Hh pathways, the study of SMO-

independent effects is limited. This hampered examination is due to the potential functional 

overlap of PTCH in the canonical and non-canonical pathways. As canonical Hh signaling 

is absent in C. elegans, the nematode represents a perfect model to study non-canonical 

signaling. Here we focused on the function of the essential PTCH homolog PTC-3. 

Specifically, we set the following objectives: 

•Determine the conservation of PTCH1 function in the C. elegans PTCH homolog 

PTC-3. 

•Elucidate the role of PTC-3 in vivo. 

•Investigate the particular effects of PTC-3 lost in cellular functioning. 

•Examine the role of PTC-3 regulating signaling in C. elegans. 

 

Besides PTCH, there is a big group of related proteins known as PTR proteins which 

in C. elegans some PTRs are also essential. As the second aim of this thesis we aimed to 

characterize the function of one essential PTR, PTR-4. The particular objectives of this part 

of the thesis were: 

• Characterize the cellular consequences of the lack of PTR-4, an essential PTCHD 

homolog in C. elegans. 

• Address the potential overlapping functions of PTC-3 and PTR-4 in cellular 

physiology. 
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3. Results 

3.1 C. elegans PTCH regulates lipid homeostasis by controlling 
cellular cholesterol levels. 

The following manuscript was submitted for publication at the time of the submission 

of this thesis. The figures and text have been adapted to match the present work. The 

submitted manuscript can be found in https://www.biorxiv.org/content/10.1101/816256v1. 

bioRxiv 816256; doi: https://doi.org/10.1101/816256 
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3.1.1 Abstract  

Hedgehog (Hh) signaling is essential during development and in organ physiology. 

In the canonical pathway, Hh binding to Patched (PTCH) relieves the inhibition of 

Smoothened (SMO). Yet, PTCH may also perform SMO-independent functions. While the 

PTCH homolog PTC-3 is essential in C. elegans, worms lack SMO, providing an excellent 

model to probe non-canonical PTCH function. Here, we show that PTC-3 is a cholesterol 

transporter. ptc-3(RNAi) leads to accumulation of intracellular cholesterol and defects in ER 

structure and lipid droplet formation. These phenotypes were accompanied by a reduction 

in acyl chain (FA) length and desaturation. ptc-3(RNAi)-induced lethality, fat storage, and 

ER morphology defects were rescued by reducing dietary cholesterol. We provide evidence 

that cholesterol accumulation modulates the function of nuclear hormone receptors such as 

of the PPARa homolog NHR-49 and NHR-181, and affects FA composition. Our data 

uncover a novel role for PTCH in organelle structure maintenance and fat metabolism. 
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3.1.2 Introduction 

The Hedgehog (Hh) signaling pathway is crucial during animal development and 

has also demonstrated roles independent of development stages. The Hh receptor PTCH 

is among the most mutated tumor suppressors 90, and more specifically, PTCH1 mutations 

are the cause of the Gorlin Syndrome 32. In the classical Hh signaling pathway, PTCH 

inhibits the plasma membrane G-protein coupled receptor (GPCR) smoothened (SMO). 

Upon Hh binding to PTCH, this inhibition is relieved, and SMO can activate a downstream 

signaling cascade. The mechanism by which PTCH inhibits SMO was enigmatic for a long 

time because PTCH represses SMO without direct contact 59. PTCH1 was shown to be able 

to transport cholesterol 77,89,95 which in turn will directly activate SMO91, a finding that was 

supported by recent structural analyses 85,87,88,90. The structures suggest that Hh inhibits 

PTCH transporter function, and hence plasma membrane cholesterol levels could increase. 

Such an increase of cholesterol might be sensed through the sterol sensing domain in SMO 

and thereby activate the GPCR. As PTCH may mainly function as a cholesterol transporter, 

it might also affect other signaling pathways. In fact, in recent years, SMO-independent 

PTCH signaling has been reported 52,53,56,57. However, the mechanistic understanding of 

these non-canonical Hh signaling pathways remains largely unknown. 

Caenorhabditis elegans expresses two PTCH homologs, PTC-1 and PTC-3, which 

are essential for development and survival 49,72,136. While PTC-1 function appears to be 

mostly restricted to the germline, PTC-3 is expressed in somatic tissues 18,81,82. No clear 

SMO homolog is encoded in the genome. In addition, some of the other downstream targets 

of the canonical Hh signaling pathway are also missing. In fact, it was proposed that SMO 

and those components were specifically lost during evolution in nematodes 49,71,74,75. For 

example, SUFU is not conserved, and the homolog of the transcription factor Gli, TRA-1, is 

involved in sex determination and gonad development in males and hermaphrodites 137. For 

that reason, C. elegans provides an excellent model to study non-canonical, SMO-

independent Hh signaling pathways, in particular in somatic tissues. To dissect SMO-

independent PTCH functions, we concentrated on PTC-3, which is expressed in somatic 

tissues, in particular in the epidermis, glia, and gut 81. We found that reduction of PTC-3 

levels causes the accumulation of intracellular cholesterol and a reduction in poly 

unsaturated fatty acids (PUFAs). Moreover, the endoplasmic reticulum lost most of its 

reticulate tubular form and developed elaborate sheet structures in the intestine. This effect, 

in turn, strongly impaired lipid droplet biogenesis, resulting in the inability of the animal to 

store fat. Reduction of dietary cholesterol rescued fat storage defects, the ER morphology 

defects, and improved development and survival in ptc-3(RNAi) animals. Cholesterol levels 

influence nuclear hormone receptor activity, such as of the PPARa homolog NHR-49, which 

is involved in the regulation of FA synthesis. Thus, our data demonstrate that PTCH also 
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controls intracellular cholesterol levels in C. elegans. Moreover, we show that PTCH thereby 

impinges on FA metabolism, organellar structure and fat storage capacity.  
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3.1.3 Results 

3.1.3.1 PTC-3 has cell autonomous and non-autonomous functions and is 

required for lipid storage in the intestine. 

In order to understand the function of PTCH proteins in C. elegans, we decided first 

to revisit the phenotypes caused by the depletion of the somatically expressed PTC-3. Like 

its mammalian homolog, ptc-3 is essential for development. Consistently, it has been 

reported that ptc-3(RNAi) results in growth, molting, and vulva morphogenesis defects 18,72. 

Given the essential role of PTCH in development, we started the knockdown by RNAi only 

at the L2 stage of development, allowing the worms to progress further in development and 

even some to reach adulthood. In addition to the previously reported phenotypes, we 

noticed that the ptc-3(RNAi) animals were much paler than their mock-treated counterparts 

(Fig. 3.1.1A). Pale worms are an indication of defects in fat storage. C. elegans has a much 

simpler body plan than humans, and hence some C. elegans organs take over more 

functions. For example, the worm intestine has paracrine functions and also serves as the 

fat storage organ 138. Thus, in a simplified view, the C. elegans intestine represents the 

functional equivalent of the human intestine, adipose tissue, and liver. To test whether PTC-

3 was expressed in the gut as indicated by genome-wide expression analyses 81, we raised 

antibodies against PTC-3 (Fig. 3.1.S1A). Those antibodies decorated the apical membrane 

of gut epithelial cells, while no plasma membrane signal was detected in oocytes, consistent 

with the notion that PTC-3 is present only in somatic tissues (Fig. 3.1.1B). This localization 

was confirmed with a GFP-tagged PTC-3 (Fig. 3.1.S1B). 

To determine which phenotype is dependent on intestinal PTC-3, we performed a 

gut-specific knockdown of PTC-3 139. ptc-3(RNAigut) animals were still paler and thinner than 

mock-treated animals (Fig. 3.1.1C). Moreover, vulva morphogenesis defects were also 

observed upon the ptc-3(RNAigut) regime, indicating that PTC-3 has cell-autonomous and 

non-autonomous functions.  

As outlined above, pale phenotypes are often associated with lipid storage defects 

in worms 138,140. Nile Red staining indeed showed a reduction in lipid content in ptc-3(RNAi) 

animals (Fig. 3.1.1D and E). Of note, this reduction was observed in the intestine, but not 

in the germline, in accordance with the absence of PTC-3 expression in oocytes. A 

drawback of Nile Red staining is that autofluorescence in the intestine caused by lysosome-

related organelles (LROs) is also potentially measured at the same time, which may 

confound the results. Therefore, we turned to Coherent anti-Stokes Raman Scattering 

Microscopy (CARS), a dye-free method recognized for accurate in vivo lipid detection in 

worms 141. This analysis confirmed the Nile Red staining, and we observed an about 50% 

reduction in lipid content (Fig. 3.1.1F and G), indicating that we can use Nile Red for further 
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3.1.3.3 Cholesterol accumulates predominantly in the apical membrane in 

the intestine of ptc-3(RNAi) animals 

Cholesterol accumulates in ptc-3(RNAi) worms because it cannot be pumped out of 

the cells. In addition, cholesterol is not efficiently metabolized into 7-DHC and lophenol 

under those conditions. We speculated where the excess of cholesterol would reside in the 

cell. First, we used filipin, which binds specifically to cholesterol. While we could barely 

detect any filipin staining in mock-treated animals, ptc-3(RNAi) worms showed a strong 

fluorescent signal in the apical membrane in the intestine and also some appreciable 

increase in intracellular fluorescence (Fig. 3.1.2D). To corroborate this finding, we next 

employed two versions of the domain 4 of perfringolysin fused to mCherry probe (D4-

mCherry), YDA and YQDA, which have different sensitivities in the detection of cholesterol 
143–145. We expressed the probes constitutively in the C. elegans intestine and analyzed their 

cellular distribution. Similar to the filipin staining, the mCherry signal increased in the plasma 

membrane for both probes in ptc-3(RNAi) animals compared to mock-treated controls. (Fig. 

3.1.2D and E). Thus, the strongest cholesterol accumulation is observed in the apical 

membrane in the intestine of ptc-3(RNAi) animals. We envisage that cholesterol levels are 

also increased, albeit to a lesser extent, in intracellular membranes.  

3.1.3.4 Low dietary cholesterol rescues ptc-3(RNAi) phenotypes 

It is plausible that the cholesterol accumulation is the cause for the observed 

phenotypes in ptc-3(RNAi) animals. C. elegans is unable to synthesize cholesterol and must 

ingest it through the diet 116. In the lab, cholesterol is provided in the growth medium. 

Strikingly, when we omitted cholesterol from the growth medium, ptc-3(RNAi) worms 

developed much better, with 89% reaching adulthood (Fig. 3.1.3A and B). Moreover, the 

pale phenotype was strongly reduced, and lipid storage was improved (Fig. 3.1.3C and D). 

Thus, reducing cholesterol accumulation rescued developmental as well as fat storage 

defects in ptc-3(RNAi) worms. Since cholesterol conversion into 7-DHC was also impaired, 

we asked whether increasing the levels of 7-DHC would likewise rescue the ptc-3(RNAi) 

phenotypes. However, addition of 7-DHC did not alleviate the ptc-3(RNAi) phenotype (Fig. 

3.1.S2). We conclude that most of the ptc-3(RNAi) phenotypes are linked to the regulation 

of intracellular cholesterol levels. Moreover, the accumulation of cholesterol, and not the 

inability of the ptc-3(RNAi) animals to process cholesterol efficiently, appears to be 

detrimental for the organism. 
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in acyl chain length and desaturation (Fig. 3.1.5D). This reduction in PUFAs is not due to a 

general reduction in lipids upon ptc-3(RNAi) compared to mock treatment, but rather reflects 

a shift from PUFAs to more saturated, shorter FAs. This shift towards more saturated FAs 

supports our hypothesis that the cholesterol accumulation contributes, directly or indirectly, 

to the morphological changes of the ER membrane. 

3.1.3.7 NHR-49 and FAT-7 overexpression rescue ptc-3(RNAi) animals  

The reduction in PUFAs could potentially be due to inhibition or lower expression of 

fatty acid desaturases and elongases. A potential candidate to check this hypothesis is the 

desaturase FAT-7, which appeared to be down-regulated during heat adaptation to 

counteract the increase in membrane fluidity at high temperature 147. Overexpression of 

FAT-7 in the intestine resulted in better survival of ptc-3(RNAi) animals (Fig. 3.1.6A and B). 

The rescued animals were darker than their counterparts (Fig. 3.1.6A), suggesting that they 

were able to store fat. FAT-7 expression is regulated by the PPARa homolog NHR-49 148,149. 

Similar to what we had observed for FAT-7 overexpression, increasing intestinal NHR-49 

levels improved survival of ptc-3(RNAi) animals (Fig. 3.1.6A and B). Rescue of survival due 

to NHR-49 overexpression was accompanied by restoration of fat storage (Fig. 3.1.6A-D), 

suggesting that NHR-49 is a major downstream effector of PTC-3.  NHR-49 partners with 

NHR-80, a homolog of mammalian HNF4, to regulate fatty acid desaturation 148. However, 

overexpression of NHR-80 did not rescue the ptc-3(RNAi) phenotype (Fig. 3.1.6A and B). 

Our data are consistent with the notion that NHR-49 and FAT-7 are modulators of 

membrane bending rigidity. 

3.1.3.8 Loss of NHR-181 rescues the high cholesterol induced phenotypes 

in ptc-3(RNAi) animals 

Nuclear hormone receptors often act context-dependent. Therefore, we wondered 

whether other NHRs or the loss thereof may contribute to the ptc-3(RNAi) phenotype. NHR-

8, the C. elegans ortholog of vertebrate liver X and vitamin D receptors, was also shown to 

influence cholesterol levels and fat content 111,150. Since nhr-8(RNAi) animals contained 

more fat 111, we speculated whether loss of NHR-8 could rescue the ptc-3(RNAi) phenotype. 

However, we could not detect any rescue (Fig. 3.1.S5A). This result may not have been so 

unexpected since nhr-8 mutants contain less unsaturated fatty acids 111. Overexpression of 

NHR-8 still did not alleviate ptc-3(RNAi) defects (Fig. 3.1.S5B), indicating that NHR-8 and 

PTC-3 act independently. 
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of NHR-181 rescued the ptc-3(RNAi) induced lethality to a similar extent than 

overexpression of NHR-49, irrespective of the cholesterol present in the medium (Fig. 3.1.6 

B and I). Moreover, fat content was restored to a similar extent (Fig. 3.1.6 J and K, compare 

J and C). Taken together, our data imply that NHR-49 positively and NHR-181 negatively 

regulate membrane bending properties and fat storage in response to high cholesterol 

levels.  

3.1.4 Discussion 

We explored the role of the C. elegans PTCH homolog, PTC-3, in the absence of 

the classical functional hedgehog signaling pathway. The function of PTCH proteins is 

conserved from C. elegans to man because similar to what has been proposed for 

mammalian PTCH 77,90,93, PTC-3 is a cholesterol transporter, which exports cholesterol out 

of the cell. PTC-3 appears to be the major cholesterol transporter in the apical plasma 

membrane in the C. elegans intestine, since knockdown of PTC-3 resulted in strong 

intracellular cholesterol accumulation, most notably in the apical plasma membrane.  

As a consequence of the cholesterol accumulation, the balance of tubular and sheet-

like ER was strongly skewed towards sheet structures (Fig. 3.1.7). Moreover, lipid droplet 

synthesis, which originates at the ER, was greatly reduced. We propose that the ER 

membranes in ptc-3(RNAi) animals have an increased bending rigidity, which does not 

allow bulging out of lipid droplets. Whether triglycerides still accumulate within the lipid 

bilayer remains unclear because their detection in the ER membrane was not possible. 

However, we observed an increase in saturated and mono-unsaturated fatty acid acyl 

chains (MUFAs) at the expense of polyunsaturated fatty acids (PUFAs) upon knockdown of 

PTC-3. This imbalance towards shorter and saturated acyl chains should also increase lipid 

packing and increase membrane bending rigidity. This effect would then be intensified by 

the accumulation of cholesterol in intracellular membranes, which would furthermore 

promote membrane stiffness.  

While the increase of membrane bending rigidity is probably sufficient to inhibit lipid 

droplet formation, vesicle formation at the ER and the Golgi apparatus may not be as 

strongly affected by cholesterol accumulation and the increase in MUFAs because we still 

observed stacked Golgi apparatus by electron microscopy (Fig 3.1.S6). The difference 

between lipid droplet formation and vesicle budding is that the COPII coat can bend the 

entire lipid bilayer 151, while the triglycerides must deform the membrane and push the lipid 

bilayer apart, a process, which might be less energetically favorable. The COPII coat can 

thus probably exert the force necessary to bend the ER membranes in the mutant. 
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NHR-49 and NHR-181 appear to be specific downstream effectors of PTC-3 activity 

levels, as downregulating NHR-8 did not improve PTC-3-dependent phenotypes. Likewise, 

SREB, which is a major responder to alteration in cellular cholesterol levels and which has 

been shown to regulate the expression of fatty acid elongases and desaturases in 

mammalian cells 115. However, knockdown of PTC-3 did not affect the nuclear localization 

of the C. elegans SREB homolog SBP-1 (Fig. 3.1.S5C). However, NHR-49 activity clearly 

is affected by increased cholesterol levels since overexpression of its target and activator 

FAT-7 147 partially rescued ptc-3(RNAi) phenotypes.  

In sum, we used C. elegans to reveal potential ancestral functions of PTCH family 

proteins because it lacks smoothened and other canonical hedgehog signaling pathway 

components, which have been lost during evolution 71,75. In fact, it has been proposed that 

PTCH and related proteins such NPC1 and dispatched evolved separately from 

smoothened 58. PTCH belongs to the family of RND transporters, which are already present 

in bacteria. For most bacterial RNDs, the substrates are unknown. However, the family most 

related to PTCH transports hopanoids, which are structural and functional analogs of sterols 
58. Next to PTC-3, C. elegans encodes another PTCH protein PTC-1 and 18 PTCH-related 

proteins (PTRs), presumably all RND transporters. It is tempting to speculate that these 

PTCs and PTRs are transporting small molecules, presumably sterols, and thereby 

contributing to cellular homeostasis and potential intra- and intercellular communication.  

 Finally, our data strongly implicate cellular cholesterol levels, membrane 

composition, and nuclear hormone receptors such as PPARa and HNF4 in non-canonical 

Hh signaling pathways. They also provide a framework on how to distinguish between SMO-

dependent and -independent functions in mammals. Our results might be in particularly 

important for the understanding of diseases such as multiple myeloma in which canonical 

and non-canonical Hh signaling have been implicated 156,157. 
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3.1.5 Materials and methods 

3.1.5.1 General methods and strains 

C. elegans was cultured and maintained as described previously120 at 20°C unless 

it was specified different. RNAi was carried out using sequenced and confirmed clones from 

the Ahringer library, as mock nontargeting dsRNA from the Ahringer library clone 

Y95B8A_84.g was used 158. For low cholesterol conditions cholesterol was omitted and agar 

replaced by agarose. RNAi feeding experiments were performed for 3 days starting from 

L1 larvae. When adult ptc-3(RNAi) were needed worms were grown with RNAi mock 

bacteria until L2 stage and then transferred to ptc-3(RNAi) plates for 2 days. For 

developmental and survival assays eggs from 1-day adult worms were hatched in M9 buffer 

(3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, H2O to 1 l; sterilized by autoclaving) 

overnight without bleaching. L1s were transferred to RNAi plates and grown at 20°C. 

Survival and developmental stage were assessed after 72 hr. For double RNAi experiments 

ptc-3(RNAi) was diluted 1:1 with the second RNAi or mock expressing bacteria. nhr-

49(nr2041) [ges-1p::3xHA::nhr-49(cDNA)::unc-54 3’UTR + myo-3p::mCherry::unc-54 

3’UTR] and for gut specific RNAi kbIs7 [nhx-2p::rde-1 + rol-6(su1006)] was used , sbp-

1(ep79)  

[sbp-1::GFP::SBP-1; rol-6(su1006)],  were obtained from the Caenorhabditis 

Genetics Center (CGC). nhr-8(hd117) mutant and nhr-8::GFP over expressing strains were 

described previously 111. For the cholesterol sensor strains generation the PFO-derived D4 

domain mutants YDA (D434W Y415A A463W) and YQDA (D434W Y415A A463W Q433W) 

fused to a mCherry N-terminal tag were cloned using the NEBuilder HiFi DNA Assembly 

Cloning Kit (NEB #E5520) and introduced into pBlueScriptII with a VHA-6 promoter and tub 

terminator using the primers pvha6_fwd 

gacggtatcgataagcttgatatcggtatactatttattactcgatacttttg, pvha6_rev 

cacgcttgccattttttatgggttttggtagg, for the promoter amplification, for the sensor  amplification 

D4H_fwd aaacccataaaaaatggcaagcgtgagcaag, D4H_rev 

ttttgcatttatcttaattgtaagtaatactagatccagggtataaag were used, and tubter_fwd 

acttacaattaagataaatgcaaaatcctttcaag, tubter_rev 

actagtggatcccccgggctgcaggtgagacttttttcttggc for tubulin terminator. The plasmid was 

microinjected at a concentration of 50 ng/μl into both arms of the syncytial gonads of N2 

worms. SUR-5::GFP at 10 ng/μl concentration was co-injected as transformation marker 

and 40 ng/μl of lambda DNA as carrier was used. Animals containing the cholesterol 

sensors were grown at 25°C and fed with OP50 RNAi-competent bacteria 159. The ptc-3::gfp 

reporter pCH115.1 was constructed by inserting a gfp cassette into the same site within the 

ptc-3 locus as described in 18 in the fosmid WRM064cC06, following the recombineering 
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protocol described in 160. The gfp cassette was PCR-amplified by using pBALU1 vector and 

primers CH428 

gaaaaagagatttggcctactgcagtcgaggaaacccacaaatggcgactatgagtaaaggagaagaacttttca and 

CH429 gccgaaaaactcgaacttacatttgaaacattgctcggcacactttgacttttgtatagttcatccatgcca, and 

the galK module was excised after its insertion to the fosmid. As co-injection marker 

pMF435: Ppgp-1::mCherry::unc-54 3’UTR was used 161. 

 

3.1.5.2 Microscopy 

Live worms were immobilized with 50 mM levamisole in M9 and mounted on a slide 

with 2% agarose. The worms were imaged with a Zeiss Axioplan 2 microscope equipped 

with a Zeiss Axio Cam MRm camera (Carl Zeiss, Aalen Oberkochen, Germany) and the 

objectives EC Plan-Neofluar 10x/0.3, EC Plan-Neofluar 20x/0.50, EC Plan-Neofluar 

40/1.30. All images were adjusted to the same parameters with OMERO.web 5.3.4-ice36-

b69. Images of D4H cholesterol sensors, Filipin III staining and TRAM::GFP were obtained 

on a Zeiss LSM 880 microscope with Airyscan with Plan-Apochromat 63x/1.4 Oil DIC M2. 

The fast mode was used, and images were processed using the Zen Black software. 

3.1.5.3 Coherent Anti-Stokes Raman Spectroscopy 

Worms were mounted on a slide with 2% agarose with 20 mM levamisol. A Leica 

TCS SP8 system with a CARS laser picoEmerald. The lasers were beam to 816.4 nm while 

keeping the Stokes beam constant at 1,064.6 nm. The scan speed was set to 400 Hz. A z-

stack per worm was imaged along the intestine and 19 animals from 3 experiments were 

collected per condition. The number of lipid droplets in each stack was assessed with the 

Fiji plug-in Lipid Droplet Counter. The data was analyzed with a one tail ANOVA followed 

by Dunnett’s multiple comparisons test in Prism 7. 

 

3.1.5.4 TEM and FIB SEM 

For transmission electron microscopy (TEM) and focused-ion beam scanning 

electron microscopy (FIB-SEM), worms were frozen as follows. C. elegans animals were 

picked with a worm pick from agar plate and transferred to a droplet of M9 medium on a 

100 µm cavity of a 3 mm aluminium specimen carrier (Engineering office M. Wohlwend 

GmbH, Sennwald, Switzerland). 5 - 10 worms were added to the droplet and the excess 

M9 medium was sucked off with dental filter tips. A flat aluminium specimen carrier was 

dipped in 1-hexadecene and added on top. Immediately, the specimen carrier sandwich 

was transferred to the middle plate of an HPM 100 high-pressure freezer (Leica 
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Microsystems, Vienna, Austria) and frozen immediately without using ethanol as 

synchronizing medium. 

Freeze-substitution was carried out in water-free acetone containing 1% OsO4 for 8 

hr at -90°C, 7 hr at -60°C, 5 hr at -30°C, 1 hr at 0°C, with transition gradients of 30°C/hr, 

followed by 30 min incubation at RT. Samples were rinsed twice with acetone water-free, 

block-stained with 1% uranyl acetate in acetone (stock solution: 20% in MeOH) for 1 hr at 

4°C, rinsed twice with water-free acetone and embedded in Epon/Araldite (Merck, 

Darmstadt, Germany): 66% in acetone overnight, 100% for 1 hr at RT and polymerized at 

60°C for 20 hr. Ultrathin sections (50 nm) were post-stained with Reynolds lead citrate and 

imaged in a Talos 120 transmission electron microscope at 120 kV acceleration voltage 

equipped with a bottom mounted Ceta camera using the Maps software (Thermo Fisher 

Scientific, Eindhoven, The Netherlands). 

For Focused ion beam scanning electron tomography, a trimmed Epon/Araldite 

block containing a single C. elegans was mounted on a regular SEM stub using conductive 

carbon and coated with 10 nm of carbon by electron beam evaporation to render the sample 

conductive. Ion milling and image acquisition was performed simultaneously in an Auriga 

40 Crossbeam system (Zeiss, Oberkochen, Germany) using the FIBICS Nanopatterning 

engine (Fibics Inc., Ottawa, Canada). A large trench was milled at a current of 16 nA and 

30 kV, followed by fine milling at 240 pA and 30 kV during image acquisition with an advance 

of 5 nm per image. Prior to starting the fine milling and imaging, a protective Platinum layer 

of approximately 300 nm was applied on top of the surface of the area of interest using the 

single gas injection system at the FIB-SEM. SEM images were acquired at 1.9 kV (30 µm 

aperture) using an in-lens energy selective backscattered electron detector (ESB) with a 

grid voltage of 550 V, and a dwell time of 1 μs and a line averaging of 130 lines. The pixel 

size was set to 5 nm and tilt-corrected to obtain isotropic voxels. The final image stack was 

registered and cropped to the area of interest using the Fiji image-processing package 

[https://imagej.net/TrakEM2]. FIB-SEM images were processed with iLastik162 and pixel 

classification was done. The classifier was trained to separate different object classes, ER, 

cytoplasm and other organelles. The training was done individually for each dataset. A 3D 

reconstruction was later handled with IMARIS 9.2.  

3.1.5.5 Lipidomic analysis 

Worms were cultured in liquid media as described previously 163. Feeding bacteria 

were prepared by growing RNAi bacteria to an OD600 of 0.6 in LB-Amp medium and then 

inducing dsRNA expression with 1 mM IPTG for 24 hr. Bacteria were harvested, 

resuspended to OD600 400. Synchronized populations of worms were grown from L1 larvae 

to L2 stage in mock bacteria and then transferred into RNAi bacteria until they reach early 
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adulthood. Young adults were collected and washed once in ddH2O. 8,000 young adults 

were used for glycerophospholipid and sphingolipid analysis while sterol analysis was done 

from 40,000 young adults. Pellets were frozen and stored at -80°C until extraction. Lysis 

was performed on a Cryolysis machine (Precellys 24, lysis & homogenization machine 

(Bertin Technologies)) at 4°C using 100 µl 1.4 mm zirconium oxide beads in 800 µl MS-H2O 

with three cycles of 45 sec bursts at 6,200 rpm followed by 45 sec interruptions. Lysates 

were eluted into glass tubes with lipid standards (glycerophospholipid and sphingolipid 

standards: di-lauryl phosphatidylcholine, di-lauryl phosphatidylethanolamine, di-lauryl 

phosphatidylinositol, di-lauryl phosphatidylserine, tetra-lauryl cardiolipin, C17 ceramide, 

C12 sphingomyelin, C8 glucosylceramide, all from Avanti Polar Lipids; sterol standard: 

ergosterol from Fluka) and beads were washed and eluted again with 200 µl MS-H2O. Lipids 

were extracted with chloroform and methanol according to Bligh and Dyer 164 following a 

published protocol 165. Briefly, 3.6 ml organic solvent (CHCl3/MeOH=1:2, v:v) were added 

to the 1 ml aqueous lysate, mixed and centrifuged to clear extract from worm debris. 

Extracts were transferred to new glass tubes and phase separation was induced by addition 

of 0.5 mL MS-H2O and 0.5 ml CHCl3. Samples were centrifuged, and the organic phase 

was collected. For sterol analysis total lipid extract was dried directly in a centrivap. To 

separate sterols from other lipids solid phase extraction on a Chromabond® SiOH column 

(Macherey-Nagel, Germany) was performed. Columns were washed two times with 1 ml 

CHCl3. Total lipid extract from 40,000 worms was resuspended in 250 µl CHCl3 by vortexing 

and sonication. The extract was then applied to the column and eluted with two times 650 

µl CHCl3. The flow-through and CHCl3 elutions were combined, dried and used for sterol 

analysis by GC-MS. In the case of glycerophospholipid and sphingolipid analysis, total lipid 

extract was split in two and dried. One aliquot was used without further treatments for 

glycerophospholipid analysis and inorganic phosphate determination while the other 

underwent methylamine treatment and desalting via butanol extraction 166. 

Glycerophospholipid and sphingolipid analysis was performed following a worm 

adapted version of a previously published method 167. LC-MS or HPLC grade solvents were 

used and the samples were pipetted in a 96 well plate (final volume = 100 µl). Positive mode 

solvent: CHCl3/MeOH/H2O (2:7:1 v/v) + 5mM NH4Ac. Negative mode solvent: CHCl3/MeOH 

(1:2 v/v) + 5mM NH4Ac. The glycerophospholipid and sphingolipid aliquots were 

resuspended in 250 µl CHCl3/MeOH (1:1 v/v) and sonicated for 5 min. The 

glycerophospholipids were diluted 1:10 in negative and positive mode solvents and the 

sphingolipids were diluted 1:5 in positive mode solvent and infused onto the mass 

spectrometer. Tandem mass spectrometry for the identification and quantification of 

glycerophospholipid and sphingolipid molecular species was performed using multiple 

reaction monitoring (MRM) with a TSQ Vantage Triple Stage Quadrupole Mass 
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Spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a robotic 

nanoflow ion source, Nanomate HD (Advion Biosciences, Ithaca, NY). The collision energy 

was optimized for each lipid class. Each biological replicate was read in two technical 

replicates each comprising three measurements for each transition. Lipid concentrations 

were calculated relative to the corresponding internal standards and then normalized to the 

total phosphate content of each total lipid extract. Sterol analysis was done as previously 

described 166. 

3.1.5.6 Nile Red Staining 

Nile Red staining was performed as described previously168. Worms were washed 

with 1 ml M9 into a 1.5 ml siliconized microfuge tube. Worms were allowed to sink by gravity 

on ice and were washed with M9. Approximately 30 µl of M9 and worms at the bottom of 

the tube were left. 0.2 ml of 40% isopropanol was added and incubated for 3 min for fixation. 

The fixative was removed and 150 µl of Nile Red solution (6 µl of Nile Red 0.5 mg/ml in 

acetone per 1 ml of 40% isopropanol) was added to the worms for 30 min at 20°C with 

gentle rocking in the dark. Worms were washed once with 1 ml M9 buffer and mounted on 

a 2% agarose pad for microscopy. Intensity analysis was performed using Fiji with at least 

11 worms per condition from 3 different experiments. The data was analyzed with a one tail 

ANOVA followed by Dunnett’s multiple comparisons test in Prism 7. 

3.1.5.7 TopFluor cholesterol staining 

The experiment was performed as described previously as 89. PTC-3 CDS was 

amplified with the primers ptc-3TEF_F 5’-

actagtggatcccccgggctgcaggATGAAGGTGCATTCGGAACAAC-3’ ptc-3TEF_R 5’-

gacggtatcgataagcttgatatcgTTACTTGTGCGCTGGCGATG-3’ from cDNA and cloned into 

the yeast plasmid p426TEF. A point mutation (D697A) was introduced with the Q5® Site-

Directed Mutagenesis Kit (E0554S NEB). Yeasts were cultured to an OD600 of 4, washed 

with cold water and resuspend to 10 OD600 in 50 mM HEPES buffer pH 7.0. Yeasts were 

incubated protected from light with 5 µM TopFluor® Cholesterol (810255, Avanti Polar 

Lipids) for 2 hr at 20°C. They were washed once with cold ddH2O and resuspend with 

HEPES buffer, after 20 min the yeast were spun down, and the supernatant was measured 

with filters 485ex 520em on a plate reader (DTX880, Multimode Detector, Beckman 

Coulter). The efflux was normalized to the initial fluorescence of the yeast. Worms were 

washed off a plate with M9 buffer and put on a shaker in M9 buffer with 5 mM TopFluor® 

Cholesterol for 1 hr at 20°C. Worms were washed with M9 buffer once to remove the excess 

of Topfluor® Cholesterol and chase in M9 buffer was performed for 1 hr before imaging. 
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3.1.5.8 Immunofluorescence and PTC-3 antibody. 

Immunofluorescence of C. elegans was performed as described previously 169, with 

slight modifications: Worms were blocked with PTB (1% BSA, 1x PBS, 0.1 % Tween20, 

0.05 % NaN3,1 mM EDTA) and secondary antibody was diluted in PTB. Peptide antibodies 

against C. elegans PTC-3 were generated in rabbits by Eurogentec using peptides 

SASHSSDDESSPAHK and EVRRGPELPKENGLG. Serum was used in a 1:100 dilution 

and Alexa Fluor 488-goat anti-rabbit IgG (H+L) (Invitrogen; A-11034) 1:5,000. Worms were 

washed 2x in M9 and mounted with fluorescence protecting media (ProLong™ Glass 

Antifade Mountant Invitrogen P36984). Worms were imaged on a Zeiss LSM 880 

microscope as described in the Microscopy section. 

3.1.5.9 Filipin staining  

Worms were fixed in glyoxal solution (2.835 ml ddH2O, 0.789 ml EtOH, 0.313 ml 

glyoxal (40% stock solution from Sigma-Aldrich, #128465) 0.03 ml glacial acetic acid. pH 

4.5) for 30 min on ice, and for another 30 min at RT, followed by 30 min of quenching in 100 

mM NH4Cl at RT and O/N post quenching at 4°C 170. Worms were washed 2x 30 min with 

M9 and left in 50 µl of M9 in which 50 µl of Filipin III ready-made solution (Sigma-Aldrich, 

SAE0087) was added for 1 hr in the dark at RT. Worms were washed 2x in M9 and mounted 

with fluorescence protecting media (ProLong™ Glass Antifade Mountant Invitrogen 

P36984). Worms were imaged on a Zeiss LSM 880 microscope as described above. 

3.1.5.10 Western Blot 

Worm Lysate from synchronous L3 worm cultures was prepared in Laemmli buffer 

with 6 M urea with glass beads in a FastPrep machine (MP Biomedicals, Irvine, CA) for 2x 

30 sec. Samples were run on a 7.5% SDS-PAGE before transfer onto nitrocellulose 

membranes (Amersham Protran; 10600003). Membranes were blocked in TBS containing 

5% milk for 1 hr at RT. First antibody incubation was done O/N at 4°C and the secondary 

HRP-coupled antibodies goat anti-Mouse IgG (H+L) (ThermoFisher scientific; 31430; 

1:10,000) or polyclonal HRP-conjugated goat-anti-rabbit IgG (ThermoFisher scientific; 

31460; 1:10,000) for 1 hr at RT. The blots were developed using WesternBright ECL HRP 

substrate (K-12045 Advansta) in a Fusion FX7 (Vilber Lourmat) image acquisition system. 

 

3.1.5.11 qRT-PCR 

RNA for qRT-PCR was extracted with TRIzol according to the manufacturer’s 

instructions from synchronous worms 26 hr after L1. The RNA was DNase digested and 
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reverse transcribed using Maxima H Minus First Strand cDNA Synthesis Kit, with dsDNase 

(ThermoFischer Scientific). The resulting cDNA was diluted 1:10 for further analysis. The 

StepOne RT-PCR system combined with StepOne Software (Applied Biotechnologies) was 

used for analysis. The presented values are based on three biological replicates. 

Expression levels were normalized to cdc-42 Primer sequences: nhr41_F 5’- 

ACGTCGAGTCGTCCACATTT-3’, nhr41_R 5’-TCAGATCTCCCGAGCTCAAT-3’, 

nhr181_F 5’-TGCGGAACAAAAAGCAGAGC-3’, nhr181_R 5’-

ATCTTTGTAGGTTACGTGACCC-3’, cdc42_F 5’-CCTCTATCGTATCCACAG-3’, cdc42_R 

5’-GGTCTTTGAGCAATGATG-3’, nhr168_F 5’- GGGAAACTGGCACCAATGAAG-3’, 

nhr168_R 5’- GTTGCGAGAGGTCAGGCACCG-3’. The data was analyzed with a two-way 

ANOVA followed by uncorrected Fisher’s LSD test in Prism 7. 
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3.2 The role of the PTCHD homolog PTR-4 in epidermal function 

The following chapter was in preparation for publication at the time of the submission 

of this thesis.  
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3.2.1 Abstract  

Hh signaling is essential during animal development. Accordingly, perturbations in 

the Hh signaling are one cause of a variety of developmental defects. The function of the 

Hh receptor PTCH as a cholesterol transporter is needed to achieve healthy development. 

Whether Patched related proteins (PTRs) play a similar role, remains unclear. Here we 

show that the essential C. elegans’ PTR, PTR-4, is also capable of controlling cholesterol 

levels. Loss of PTR-4 function leads to cholesterol accumulation in the epidermis and 

thereby potentially perturbs the secretion of cuticular proteins. We suggest a tight regulation 

of membrane cholesterol levels during development. 
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3.2.2 Introduction  

The Hh (Hh) pathway is essential during metazoan development. Therefore, 

perturbations in the Hh signaling are one cause of a variety of developmental defects. The 

Hh receptor PTCH acts as a cholesterol transporter 77,89,95. This transporter function is 

conserved from worms to mammals (Section 3.1, 171). Whether sterol transporter activity is 

a common effector between PTCH and other PTCH-like proteins as PTCH domain-

containing proteins (PTCHD) and Patch related proteins (PTR) has not yet been addressed. 

PTCHD and PTR proteins comprise a group of proteins that share a common ancestor with 

PTCH proteins 58. These proteins belong to a protein superfamily that conserves archaeal 

and bacterial resistance-nodulation division transporters (RND) and the lysosomal 

cholesterol transporter NPC1. RNDs are proton antiporters able to catalyze the 

transmembrane efflux of substrates from the cells 58. Hitherto, their possible role as 

cholesterol regulators remains to be determined.  

There are four PTCHD proteins in mammals. PTCHD1 is a protein linked to autism 

spectrum disorder, but it is not involved in Hh signaling 63–65. Meanwhile, the role of PTCHD3 

and PTCHD4 remains elusive. On the other hand, PTCHD2/DISP3 is needed for neuronal 

differentiation and seems to play a role in cholesterol homeostasis172–174, suggesting a 

conserved role in sterol regulation. C. elegans encodes 25 PTR proteins. Most of them have 

been described to play a role in molting 72; however, the precise mechanism of most of 

PTRs is unknown. Most of PTRs have conserved motives in the transmembrane domains 

4 and 10 18, which have been described to be necessary for PTCH cholesterol transport 

function77. Accordingly, a role of PTRs in sterol regulation could be expected. Furthermore, 

some studies showed that PTR proteins are connected to cholesterol regulation 96,97. For 

instance, the phenotypes displayed by the loss of PTRs suggest a link between PTRs and 

cholesterol 72. In particular, molting, which on top of being impaired by altering constituents 

of the cuticle, can be affected in worms that grow without cholesterol or are knockdown of 

PTRs (PTR-1, PTR-2, PTR-3, PTR-4, PTR-5, PTR-6, PTR-8, PTR-9, PTR-10, PTR-12, 

PTR-13, PTR-14, PTR-16, PTR-17, PTR-18, PTR-20, PTR-21, PTR-22, and PTR-

23)72,122,133,134. Molting is the process in charge of the replacement of the old cuticle with a 

new one. The cuticle is the exoskeleton of C. elegans, which protects the worm from the 

environment. As a consequence, its integrity is crucial for worm survival. The cuticle needs 

to be replaced four times during development to fit the growing larva. As expected, molting 

is essential for healthy growth and development.  

Nevertheless, it is intriguing that nematodes need more than 25 different PTR while 

mammals only 4. One possibility is that worm’s PTRs have a highly delimited expression 

and regulation, and in some cases, possibly specificity for particular sterol derivates, which 

could allow the worm to regulate cholesterol and other sterols locally and temporally. PTR-
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2 and PTR-4 are essential proteins. Therefore, they are non-redundant; this supports the 

hypothesis of tight temporal regulation in addition to the possible specificity for particular 

sterols. In the present work, we characterized the role of the essential PTCHD homolog 

PTR-4. We could confirm that PTR-4 can regulate cholesterol levels, and its expression and 

localization vary through larval development. We demonstrate that while specific functions 

of the worm PTCH homolog PTC-3 as fatty acid regulation (Section 3.1, 171) were not widely 

affected by the lack of PTR-4 during larval development. The absence of PTR-4 results in 

cuticle defects, and as a consequence, worms display locomotive problems.   
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3.2.3 Results 

3.2.3.1 PTC and PTR proteins, differences and similarities 

To gain a better understanding of the possible function of PTR proteins, we 

questioned about the molecular function of PTRs. As a first step, we focused on the 

essential PTR homolog PTR-4 and inquired whether the PTR-4 tridimensional structure is 

similar to either PTCH or PTCHD proteins. Structure prediction using Phyre2 84 revealed 

that both PTCHD1 and PTR-4 have a similar structure to the mammalian PTCH1 (Fig. 

3.2.1A, B, and C). Interestingly, PTCHD1 and PTR-4 have the highest similarity to PTCH1 

in the transporter regions; this is similar to the predicted structure of the worms PTCH 

homolog PTC-3 (Fig. 3.2.1D). Subsequently, we examined the conservation in PTCHDs 

and PTRs of the specific residues from PTCH1 involved in cholesterol transport. After the 

protein alignment 175, we observed that in PTCHD1, 3, and 4, the described key residues in 

the transmembrane domains 4 and 10 are not conserved, while the essential worm proteins 

PTR-4 and PTR-2 did conserve them (Fig. 3.2.1E). These results suggested that it is very 

likely that PTR proteins have conserved cholesterol transporter function. In contrast, 

PTCHD1 protein may be acting throughout a different mechanism. On that account, it would 

be expected that PTRs and PTCHD proteins perform different roles in the cell.  

3.2.3.2 PTR-4 modulates cholesterol levels 

Given the structural conservation, we hypothesized that at least a subset of PTR 

proteins are transporters and might transport cholesterol similarly to PTCH and NPC1. To 

test this, we analyzed cholesterol levels in the hypomorphic mutant ptr-4(cs279). This 

mutant has an insertion in the 3’ UTR, likely reducing the amount of PTR-4 protein (personal 

communication Meera Sundaram). In this mutant, the fluorescent Topfluor Cholesterol 

accumulated in the epidermal area (Fig. 3.2.2A).  Similarly, Filipin III was enriched in the 

ptr-4(cs279) strain (Fig. 3.2.2A). To corroborate these findings, we analyzed the 

endogenous cholesterol levels in the knockdown of PTR-4 protein by mass spectrometry. 

Comparably to what we have observed previously in a knockdown of C. elegans’ PTCH 

homolog PTC-3, ptr-4(RNAi) animals showed an increase of cholesterol like ptc-3 (RNAi) 

worms (Fig. 3.2.2B), suggesting a conserved role of PTR-4 in cholesterol transport or 

alternative in its mobilization and conversion into 7- dehydrocholesterol. Our results suggest 

a conserved role for PTR-4 in the modulation of cholesterol levels.  
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cuticle integrity is a critical factor in osmolarity control, the locomotive phenotype in the PTR-

4 hypomorph (Fig. 3.2.4A and B) could be related defects in the cuticle structure and 

integrity. Therefore, we analyzed the cuticle structure. While in N2 worms, the cuticle shows 

the characteristic patterned structure with circumferential ridges (annuli) divided by the alae 

(Fig. 3.2.4C and D) the cuticles of ptr-4(cs279) worms showed no visible annuli and the 

alae was interrupted. Epidermal imaging revealed autofluorescent structures between the 

epidermis and the cuticle in ptr-4(cs279) animals (Fig. 3.2.4E). To address the nature of 

these aggregates, we performed electron microscopy in ptr-4(RNAi) worms. We observed 

cuticular abnormalities in RNAi-treated animals (Fig. 3.2.4F), such as vesicles accumulating 

in the cuticle (Fig. 3.2.4 E and F). Next, we tested the cuticle permeability by placing N2, 

and ptr-4(cs279) worms in a solution containing the cuticle impermeable dye DAPI. After 

15 minutes, ptr-4(cs279) animals showed staining in the epidermis while N2 animals 

remained unstained (Fig. 3.2.4H and I), implying that the permeability barrier in the cuticle 

is defective in the absence of PTR-4. Therefore, we wondered whether the cuticular defects 

are related to the production of the cuticle during larval development. PTR-4 has been 

reported to oscillate throughout larval development. Under more precise scrutiny of the 

PTR-4 oscillatory pattern, it can be observed that the higher ribosomal footprint levels of 

PTR-4 occur few hours after molting (Fig. 3.2.4G) 79, suggesting that its expression is linked 

to the production of the new cuticle. This information, together with the suggested 

expression, indicate that the defects may be related to a defective epidermal function.  

3.2.3.5 PTR-4 epidermal expression 

In the nematode, the epidermis is necessary for the storage of nutrients and the 

deposition of stage-specific cuticles. Characteristic features of impaired epidermal 

development or function are defects in body morphogenesis, muscle development, and 

cuticle structure. Mutants affecting epidermal functions lead to arrested animals and adults 

with dumpy phenotype and locomotive problems, similar to the phenotype observed in the 

ptr-4(cs279) strain and ptr-4(RNAi) treated nematodes. Expression data shows most of the 

PTR-4 expression in the epidermis followed by glial cells (Fig. 3.2.5A) 81. To characterize in 

detail PTR-4 expression. We used an endogenously tagged PTR-4::sfGFP strain. The 

tagged strain developed normally and showed no phenotypes, suggesting PTR-4 is 

functional. Since the defect in locomotion upon the PTR-4 knockdown occurs after the last 

molting, we analyzed the expression of PTR-4 in the L4 stage. As expected from the 

transcriptomic data, there is a strong PTR-4::sfGFP signal in the epidermis. As well, we 

could detect expression in the L4 developing vulva (p5 and p7 cells), and rectal cells (Fig. 

3.2.5B). The epidermal expression supports the idea that PTR-4 could be affecting the 

production of the new cuticle.  
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3.2.4 Discussion and outlook 

The molecular role of PTCH proteins has been associated with the regulation of 

membrane cholesterol (section 3.2 and 87,89,90,95,171). Therefore, it is feasible that other 

proteins sharing structural similarities with PTCH as PTRs conserve this function. In C. 

elegans, the study of this group of proteins remained widely elusive despite some homologs 

play a crucial role in worm development 72. Our results advocate that PTR-4 has a 

cholesterol regulation function. However, more experiments are still needed to determine 

the functionality of the putative transporter domain. We cannot exclude the possibility that 

PTR-4 is sensing cholesterol and regulating a cholesterol transporter. Hence, in vitro 

experiments in a heterologous system, such as yeast, are necessary to establish PTR-4 as 

a cholesterol transporter.  

Provided that C. elegans is a cholesterol auxotroph, it is likely that in nature, worms 

face low cholesterol levels. Consequently, the worms have probably developed means to 

transport the available cholesterol to the cellular compartments and tissues that require it. 

Cholesterol requirements may vary during development. Therefore, a possible scenario is 

that PTR proteins are in charge of such a process. However, it is not clear if they do this by 

direct transport of cholesterol or by the sensing of it and further regulation of its transport. 

PTRs are similar to bacterial resistance-nodulation division transporters (RND). 

Since RNDs can pump a variety of small molecules 76, we must consider that some PTRs 

might be regulating other compounds, possibly even another sterol. Still, more research is 

needed to clarify this concern. We postulate that the sterol regulation mechanism is not 

exclusive of PTCH proteins, but also it is a role of other similar proteins. For instance, the 

overexpression of the mammalian related protein PTCHD2 promotes cholesterol 

accumulation in the ER 174. As well, in C. elegans, there is evidence supporting this premise, 

PTR-6 mutation induces changes in membrane permeability that can be counteracted by 

the depletion of mboa-1(SOAT1 homolog), which catalyzes the formation of cholesterol 

esters97.  

Furthermore, our results suggest that PTR-4 primarily functions in the epidermal 

cells (hyp7). As we observe that the PTR-4 levels oscillate during larval development, it is 

possible that cholesterol levels at the epidermal plasma membrane and extracellular matrix 

(ECM) oscillate during development too (Fig. 3.2.9). As a result, in the absence of PTR-4 

cholesterol levels in the epidermis may increase. Hence, it is likely that in the ECM, 

cholesterol might decrease, triggering a cholesterol imbalance that has consequences in 

cuticle formation and stability. This effect could be related to an impaired function of the 

epidermis or an altered ECM (Fig. 3.2.9).  
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3.2.5 Materials and Methods 

3.2.5.1 General C. elegans methods and strains 

C. elegans nematodes were cultured and maintained as described previously120 and 

in chapter 3.1.5.1 Endogenously tagged sfGFP::PTR-4 strains and a hypomorphic allele 

induced by an insertion in PTR-4 3´UTR produced by the Sundaram lab were used. 

3.2.5.2 Swimming test 

Young adults were placed on M9 buffer for 5 sec. The body bends were counted for 

30 sec. At least eight worms of each condition were analyzed per experiment, and the 

experiment was performed three times. The results are presented as the average of tail 

movements per 30 sec. The data were analyzed with a one-tail ANOVA followed by 

Dunnett’s multiple comparisons test in Prism 7. 

3.2.5.3 Cuticle barrier assays 

DAPI staining was performed accordingly to Moribe et al. 183, with minor 

modifications. For staining, we used 10 μg/μl of DAPI in M9. Animals were scored by 

fluorescence microscopy for DAPI staining in nuclei. 

3.2.5.4 Lipidomic analysis 

The lipidomic analysis was done as described in chapter 3.1.5.5 

3.2.5.5 Top Fluor cholesterol staining 

Worms were processed as described in chapter 3.1.5.7 

3.2.5.6 Microscopy 

Live worms and images were treated as described in chapter 3.1.5.2. Structure 

illumination microscopy was done with DeltaVision OMX Optical Microscope (version 4), 

Software: DeltaVision OMX softWoRx. Oil 1.518 

3.2.5.7 Filipin staining  

Worms were treated and imaged as described in chapter 3.1.5.9. 

3.2.5.8 TEM 

Transmission electron microscopy was done as described in chapter 3.1.5.4.  
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4. Future directions and preliminary results 

In this thesis, we have shown that PTC-3 modulates cholesterol levels and FA acyl 

chain composition. We hypothesize that these membrane properties are changing in 

response to PTC-3. Since the regulation of membrane properties has a broad impact on 

general cell physiology and signaling, we reason that this regulation could be a mechanism 

by which other proteins might be affected by PTC-3. Therefore, as an additional branch of 

this project, we addressed the potential role of PTC-3 in endocytosis as a consequence of 

the regulation of membrane properties. 

For this, we established the following objectives: 

• Analyze the potential genetic interaction between PTC-3 and endocytic 

regulators.  

• Examine the effect of PTC-3 in the endosomal pathway organization. 

• Inspect the effect of FA acyl chain length manipulation in the endosomal 

pathway organization. 
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4.1 Potential roles of cholesterol plasma membrane levels in 
intracellular traffic 

4.1.1 Introduction 

Endocytosis refers to the uptake of material into a cell by an invagination of the 

plasma membrane culminating in a membrane-bounded vesicle184. It controls the 

distribution of membrane-bound components and the internalization of extracellular 

components such as proteins and lipids. Newly generated endocytic carriers fuse to form 

early endosomes, from which cargoes can be sorted for transport to the trans-Golgi 

network, recycling, or degradation 184,185. The membrane identity of these compartments is 

mostly determined by Rab GTPases 186. For instance, the small GTPase RAB-5 labels and 

determines the specific membrane environment of early endosomes, and during endosomal 

maturation, it is exchanged to RAB-7 by the RAB-GEF SAND-1/MON-1-CCZ-1 complex 
186,187. Endocytosis is an essential process, and its deregulation leads to developmental 

problems and diseases such as cancer 184. 

Unpublished work from our lab suggested that PTC-3 could have a role in 

endosomal regulation. An RNAi screen identifying genetic interactors of SAND-1 showed 

that sand-1 deletion partially rescues the lethality of PTC-3 depletion (Solinger, unpublished 

data). Additional work suggested that ptc-3(RNAi) rescued the SAND-1 block in endosome 

maturation (Ingemann unpublished data). However, the precise role of PTC-3 in the 

regulation of the endosomal pathway remains elusive. In Drosophila, PTC prevents the 

movement of SMO from intracellular vesicles to the plasma membrane. As well, it has been 

proposed that PTC promotes the delivery of SMO to lysosomes 188. Furthermore, in 

Drosophila, the endosomal-lysosomal pathway regulates axon pruning, and PTC can 

downregulate this pathway in a SMO independent manner 189. These data suggest that 

endocytosis and protein localization regulation by PTCH is likely to be a direct effect of 

PTCH, supporting the notion that PTCH proteins might be involved in intracellular trafficking.  

The mechanism by which PTCH proteins affect traffic is still elusive. It has been 

shown that PTC associates with Caveolin-1 190, a protein involved in the generation of 

cholesterol-rich protrusion in the plasma membrane (caveolae), which could function as 

initiation points of endocytosis 191–193. Whether this association provides PTCH a mean to 

regulate endocytosis, or whether it is related to PTCH regulation, is currently unknown. In 

the present thesis, we showed (Section 3.1) that PTC-3 can affect the composition of 

membranes. Therefore, we postulate that a possible mechanism of PTC as an endocytic 

regulator is by altering plasma membrane composition. In this section, we aimed to address 

this possibility.  

  



!RH!

LKQKG!^+/#&3/!

LKQKGKQ!O+(+3.8!.(3+$'83.1(!B+3;++(!EP:09Q!4YA9i!!

P/!'!<.$/3!/3+6!31!'('&V"+!35+!$1&+!1<!4YA9i!.(!35+!+(*1/1J'&!6'35;'VF!;+!*+8.*+*!

31! 81(<.$J! 35+! )+(+3.8! .(3+$'83.1(! 1<! EP:09Q! '(*! 4YA9i! [E1&.()+$! #(6#B&./5+*! *'3'\K!

M(*++*F! 35+! EP:09Q! *+&+3.1(! J#3'(3! (6$.PF[-XFNVE\! ;'/! 'B&+! 31! 6'$3.'&&V! $+/8#+! <&)P

E[7ZA*\![=.)K!LKQKQ\K!Y5+$+<1$+F!;+!5V6135+/."+*!35'3!.(!K2%#5#46$(F!4YA9i!<#(83.1(!'(*!35+!

+(*1/1J'&!6'35;'V!'$+!'//18.'3+*K!!

!

B0.45$% K@?@?@%U"//%"&% >8WJO?%35"2"9$/% /61)+$)0*% 5$/*4$%"&% 3)*OFR!W80S% 01,4*$,%
#$)+(#0)6@! O+(+3.8! .(3+$'83.1(! B+3;++(! EP:09Q! '(*! 4YA9i! ./! 1B/+$7+*! #61(! <&)PE[7ZA*\!
3$+'3J+(3!1(!35+!(6$.PF[-XFNVE\!J#3'(3K!Y5+!)$'65!*./6&'V/!35+!6+$8+(3')+!1<!'*#&3/!17+$!'&.7+!
'(.J'&/!|||!6!}HKHHHQ!(!ãRH!;1$J/!.(!i!.(*+6+(*+(3!+D6+$.J+(3/K!

!

LKQKGKG!%<<+83!1<!4YA9i!.(!35+!+(*1/1J'&!6'35;'V!!

Y1!+&#8.*'3+!;5+35+$!<&)PE!)+(+3.8!.(3+$'83.1(!;.35!(6$.PF!8'(!B+!$+&'3+*!31!'(!+<<+83!

1<!4YA9i! .(! 35+!+(*1/1J'&! /V/3+JF!;+!*+8.*+*! 31!*+3+$J.(+! 35+! 81(/+T#+(8+!1<!<&)PE!

2(182*1;(!1(!+'$&V!'(*!&'3+!+(*1/1J+/K!4$+7.1#/!$+61$3/!5'7+!/51;(!35'3! .(!35+!'*#&3!

;1$J!)#3F!35+!+(*18V3.8!81J6'$3J+(3/!5'7+!'!*+<.(+*!*./3$.B#3.1(!J'2.()!35./!3.//#+!'!)11*!

+(*18V3.8!J1*+&!QnLK!M(!35+!)#3!8+&&/F!+'$&V!+(*1/1J+/!J'$2+*!;.35!^P@9_!'$+!(+'$!31!35+!

'6.8'&!J+JB$'(+F!<1&&1;+*!BV! &'3+!+(*1/1J+/!+($.85+*!;.35!^P@9o![=.)K!LKQKGP\QnLK!,+!

'('&V"+*!35+!*./3$.B#3.1(!1<!+'$&V!+(*1/1J+/!&'B+&+*!BV!O=4]]^P@9_!'(*!&'3+!+(*1/1J+/!

BV!JA5+$$V]]^P@9oK!@135!+'$&V!'(*!&'3+!+(*1/1J+/!;+$+!'<<+83+*!.(!35+!<&)PE[7ZA*\K!M(!

J18293$+'3+*! '(.J'&/F! ^P@9_! 61/.3.7+! +'$&V! +(*1/1J+/! '$+! <1#(*! (+'$! 35+! )#3! &#J+(F!

;5+$+'/!.(!<&)PE[7ZA*\!3$+'3+*!'(.J'&/F!35+$+!'66+'$+*!31!B+!'(!.(8$+'/+!.(!̂ P@9_!61/.3.7+!

81J6'$3J+(3/!'(*!35+V!&18'&."+*!31;'$*/!35+!8+&&!8+(3+$K!Y5+!&'3+!+(*1/1J'&!81J6'$3J+(3!

&'B+&+*!;.35!JA5+$$V]]^P@9o!;'/! +D6'(*+*!'(*! /51;+*!6'$3.'&! 81&18'&."'3.1(!;.35! 35+!

+'$&V!J'$2+$!O=4]]^P@9_![=.)K!LKQKG@\K!%7+(!351#)5!;+!81#&*!1B/+$7+!.(!35+!%C!'('&V/./!

+(&'$)+J+(3! 1<! /1J+! $1#(*! 81J6'$3J+(3/! [=.)K! LKQKGA\F! ;5+35+$! 35+/+! +(&'$)+*!

81J6'$3J+(3/!81$$+/61(*!31!^P@9o!61/.3.7+!+(*1/1J+/!1$!'(135+$!81J6'$3J+(3!$+J'.(/!

#(8&+'$K!=#$35+$!'('&V/./!BV!81$$+&'3.7+!&.)53!+&+83$1(!J.8$1/816V![AN%C\!./!(++*+*!31!B+!

'B&+!31!'(/;+$!*+<.(.3+&V!35./!16+(!T#+/3.1(K!!



! RQ!

!

B0.45$%K@?@C@%I&&$*)/%"&%)+$%91"*9,":1%"&%3)*OF%01%)+$%.4)%$1,"/"-(#%3()+:(6@%R8\!
^P@9_! 61/.3.7+! +'$&V! +(*1/1J+/! '$+! 81(8+(3$'3+*! (+'$! 35+! )#3! &#J+(F! <1&&1;+*! BV! &'3+!
+(*1/1J+/!&'B+&!;.35!^P@9o!['*'63+*!<$1J!QnL\K![E\!a(182*1;(!1<!<&)PE!.(!K2%#5#46$(!+D6$+//.()!
O=4]]^P@9_!'(*!JA5+$$V]]^P@9o!.(!35+!.(3+/3.(+K!%'$&V!+(*1/1J+/!&'B+&+*!;.35!O=4]]^P@9_!'$+!
81(8+(3$'3+*! (+'$! 35+! )#3! &#J+(! .(! 35+!J182F!;5.&+! .(!<&)PE[7ZA*\! 3$+'3+*! '(.J'&/F! 35+V! '&/1!
'88#J#&'3+!.(!35+!8+&&!8+(3+$K!N'3+!+(*1/1J+/F!&'B+&+*!;.35!JA5+$$V]]^P@9oF!'$+!'&3+$+*!.(!<&)P
E[7ZA*\F!/51;.()!'88#J#&'3.1(!'(*!6'$3.'&!81&18'&."'3.1(!;.35!O=4]]^P@9_K!E8'&+!B'$!QHµJK![D\!
Y%C!.J')+/!/51;.()!#(.*+(3.<.+*!+(&'$)+!$1#(*9/5'6+*!/3$#83#$+/!#61(!<&)PE[7ZA*\% .(! 35+!K2%
#5#46$(!)#3K!

!

LKQKGKi!%<<+83!1<!4YA9i!.(!35+!$+8V8&.()!!

I(+!+D6&'('3.1(!<1$!35+!+D6'(/.1(!1<!35+!+(*18V3.8!81J6'$3J+(3/!#61(!<&)PE[7ZA*\!

81#&*!B+!35'3!$+8V8&.()!31!35+!6&'/J'!J+JB$'(+!./!*+<+83.7+!'(*!8'$)1+/!;1#&*!'88#J#&'3+!

.(! +'$&V! '(*! &'3+! +(*1/1J+/K! Y1! 3+/3! 35./! 5V6135+/./F! ;+! *+3+$J.(+*! 35+! +<<+83! 1<!<&)P

E[7ZA*\%1(!$+8V8&.()!+(*1/1J+/F!;5.85!8'(!B+!&'B+&+*!BV!+.35+$!^P@9QQ!1$!^P@9QHK!!^P@9

QH! ./! 6$+/+(3! .(!B'/1&'3+$'&! $+8V8&.()!+(*1/1J+/F!'(*!^P@9QQ! ./! $+/61(/.B&+! <1$!'6.8'&!

$+8V8&.()! .(! 35+! ;1$J! )#3! Qn_FQnlK! M(! J18293$+'3+*! ;1$J/F! ^P@9QQ! 61/.3.7+! $+8V8&.()!

+(*1/1J+/!&18'&."+!(+'$!35+!'6.8'&!J+JB$'(+K!Y5./!&18'&."'3.1(!;'/!(13!'&3+$+*!'<3+$!35+!

2(182*1;(! [=.)K! LKQKi\F! .(*.8'3.()! 35'3! $+8V8&.()! 31! 35+!4C! ./!(13! .J6'.$+*K! E3.&&F! .3! ;'/!

61//.B&+!35'3!35+!B'/1&'3+$'&!$+8V8&.()!;'/!'<<+83+*K!Y5+$+<1$+F!;+!3+/3+*!35+!+<<+83!1<!4YA9

i!*+6&+3.1(!1(!35+!B'/1&'3+$'&!$+8V8&.()!J'$2+$!^=4]]^P@9QHF!;5.85!&18'&."+/!.(!35+!J.**&+!

6'$3!1<! 35+!8+&&! .(!J18293$+'3+*!'(.J'&/K!<&)PE[7ZA*\!*1+/!(13!'<<+83!^P@9QH!*./3$.B#3.1(!



!RG!

[=.)K! LKQKi\K!Y5+/+!*'3'! .(*.8'3+! 35'3!4YA9i!J.)53! B+!'<<+83.()! 35+!+(*1/1J'&!6'35;'V!

;.351#3! *./3#$B.()! $+8V8&.()K!Y5#/F! .3! ./! &.2+&V! 35'3! 35+!4YA9i! <#(83.1(!'<<+83/!+(*1/1J'&!

J'3#$'3.1(K!!

,+!6$161/+!35'3!35+!+<<+83/!1(!3$'<<.8!81#&*!B+!'!81(/+T#+(8+!1<!35+!'&3+$'3.1(!.(!

35+! 6$16+$3.+/! 1<! J+JB$'(+/K! c1;+7+$F! J1$+! ;1$2! ./! (++*+*! 31! '**$+//! ;5.85! ./! 35+!

6$+8./+!*./3$.B#3.1(!1<!851&+/3+$1&!.(!*.<<+$+(3!.(3$'8+&&#&'$!J+JB$'(+/F!'(*!;5.85!$1&+!./!.3!

6&'V.()!.(!35+!$+)#&'3.1(!1<!*.7+$/+!8+&&#&'$!6$18+//+/!/#85!'/!3$'<<.8!'(*!/.)('&.()K!!

!

B0.45$%K@?@F@%1,2345678+9!01,4*$/%1"%$&&$*)%"1%5$*6*#01.%01%)+$%01)$/)01$@!<&)PE[7ZA*\!
.(! '(.J'&/! +D6$+//.()! O=4]]^P@9QQ! 1$! ^=4]]^P@9QH! .(! 35+! ;1$J! )#3K! ^P@9QQ! 61/.3.7+!
+(*1/1J+/!&18'&."+!(+'$!35+!'6.8'&!J+JB$'(+K!O=4]]^P@9QQ!'(*!^=4]]^P@9QH!'$+!(13!'&3+$+*!
#(*+$!^:P.!81(*.3.1(/K!E8'&+!B'$/!QH!µJ!

!

LKQKGKL!%<<+83!1<!<'33V!'8.*!'8V&!85'.(!&+()35!J'(.6#&'3.1(!.(!the!+(*1/1J'&!
6'35;'VK!

O.7+(! 35+! +<<+83! 1<! 4YA9i! 1(! <'33V! '8.*! '8V&! 85'.(! &+()35! '(*! *+/'3#$'3.1(F! ;+!

5V6135+/."+!35'3!6'$3!1<! 35+!85'()+/!35'3!;+!1B/+$7+!.(!35+!4YA9i!2(182*1;(!J.)53!B+!

$+&'3+*!31!35+!85'()+/!.(!J+JB$'(+!6$16+$3.+/K!,+!$+'/1(+*!35'3!BV!'<<+83.()!=P!/'3#$'3.1(!

&+7+&/F!;+!J.)53!B+!'B&+!31!J.J.8!35+!+<<+83/!1<!<&)PE[7ZA*\!1(!+'$&V!'(*!&'3+!+(*1/1J+/K!

='33V!'8.*!+&1()'/+/!'(*!*+/'3#$'/+/!$+)#&'3+!=P!'8V&!85'.(!&+()35!'(*!/'3#$'3.1(K!Y5#/F!

;+!6+$<1$J+*!2(182*1;(/!1<!35+!(+J'31*+!51J1&1)/!1<!35+!/3+'$1V&9A1P!*+/'3#$'/+![<'39

_!'(*!o\!1$!<'33V!'8.*!+&1()'/+/![+&19L\K!?(*+$!351/+!81(*.3.1(/F!35+!^P@9_!81J6'$3J+(3!

/51;+*!(1!17+$&'6!;.35!̂ P@9o![=.)K!LKQKL\!:+7+$35+&+//F!;+!81#&*!1B/+$7+!35'3!.(!'&&!8'/+/F!

^P@9!o!&18'&."'3.1(!./!'&3+$+*F!/51;.()!'!/.J.&'$!65+(13V6+!'/!.(!<&)PE[7ZA*\![=.)K!LKQKL\K!

A1(/+T#+(3&VF!35+!+<<+83/!1B/+$7+*!.(!35+!^P@9o!61/.3.7+!+(*1/1J+/!J.)53!B+!$+&'3+*!31!

35+!'&3+$'3.1(/!1<!=P!6$16+$3.+/F!B#3!851&+/3+$1&!'88#J#&'3.1(!J.)53!B+!6&'V.()!'!8+(3$'&!$1&+!

.(! 35+! ^P@9_! 65+(13V6+K! c.35+$31F! 35+! /6+8.<.8! 851&+/3+$1&! 'J1#(3/! '(*! =P! &+()35! '(*!



! Ri!

/'3#$'3.1(!&+7+&/!.(!+'85!+(*1/1J'&!81J6'$3J+(3!'$+!(13!2(1;(F!'(*!35+.$!613+(3.'&!$1&+!1<!

35+J!$+J'.(/!31!B+!/3#*.+*K!

!
B0.45$%K@%K@%B())6%(*0,%(*6#%*+(01%*"-3"/0)0"1%(&&$*)/%#()$%$1,"/"-$/%#"*(#0Y()0"1@!

<'39_[7ZA*\/6&PQ[7ZA*\%1$!#5-PJ[7ZA*\!.(!'(.J'&/!+D6$+//.()!O=4]]^P@9_!'(*!JA5+$$V]]^P@9o!.(!
35+!.(3+/3.(+K!%'$&V!+(*1/1J+/!&'B+&+*!;.35!O=4]]^P@9_!188'/.1('&&V!$+&18'3+!31!35+!J.**&+!8+&&!
$+).1(K! N'3+! +(*1/1J+/! &'B+&+*! ;.35!JA5+$$V]]^P@9o! /51;+*! '(! '88#J#&'3.1(! '(*! /61$'*.8!
81&18'&."'3.1(!;.35!O=4]]^P@9_!#61(!35+!^:P.!3$+'3J+(3/!J.J.82.()!6'$3.'&&V!35+!+<<+83!1<!4YA9i!
*+6&+3.1(K!E8'&+!B'$/!QH!µJ!

!

! !



 84 

4.1.3 Discussion and outlook 

Our results, together with the first analysis of the worm PTC homologs 73, support 

the idea that the PTC proteins function as regulators of intracellular trafficking. The data on 

ptc-3(RNAi) effects in the endocytic pathway not only provides the basis for the hypothesis 

that the regulation of traffic is a conserved function of PTCH proteins but also adds the 

notion that this effect is due to the cholesterol content regulation. Still, the specific function 

of the PTC proteins in intracellular trafficking is not known. It is tempting to speculate that 

the genetic interaction between SAND-1 and PTC-3 is related to the regulation of the 

kinetics of the internalization and further degradation of specific cargoes such as receptors 

of other signaling pathways (e.g., WNT, EGF). Additional research is fundamental to 

address their particular roles by studying if they have an impact on specific cargoes. It would 

be of relevance to learn if PTC-3 is localized to caveolae as the fly homolog PTC1 190 and 

whether this localization is cholesterol-dependent.  

Since a way to regulate signaling is by the internalization of receptors, and there is 

considerable evidence of crosstalk mechanisms between the Hh, WNT, and EGF pathways 

during development 106,197. The receptor Frizzled (WNT receptor) and EGFR constitute 

appealing cargoes to analyze. For example, in the absence of the EGF, a considerable 

proportion of EGFR is located at caveolae and non-caveolae rafts. Upon binding EGF, the 

EGFRs leave the rafts and initiate a MAP kinase-signaling cascade and are subsequently 

endocytosed. Interestingly, EGFR endocytosis constitutes an attenuation mechanism and 

also triggers specific activation of signaling (reviewed in 198). Additionally, the Wnt signaling 

pathway is regulated at multiple levels through endocytic processes (reviewed in 199). Due 

to the high importance of these pathways in normal development, it is critical to analyze the 

exact impact of PTCH function in the regulation of these pathways in a mechanism that is 

related to cholesterol and endocytic modulation.  
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4.1.4 Materials and Methods 

4.1.4.1 General C. elegans methods and strains 

C. elegans nematodes were cultured and maintained as described previously120 and 

as described in chapter 3.1.5.1. For the analysis of the effects on endocytosis, the following 

C. elegans strains and transgenes were used: N2, sand-1(ok1963)IV, pwIs429[vha-

6::mCherry-rab-7], pwIs72[vha6p::GFP::rab-5 + unc-119(+)], unc-119(ed3) III; 

pwIs69[vha6p::GFP::rab-11 + unc-119(+)], unc-119(ed3)III; pwIs206[vha6p::GFP::rab-10 + 

Cb unc-119(+)].  

4.1.4.2 Microscopy 

Live worms were immobilized with 50 mM levamisole in M9 and mounted on a slide 

with 2% agarose. The analysis of the endocytic compartments was performed with a 

spinning-disk confocal system Andor Revolution (Andor Technologies, Belfast, Northern 

Ireland) mounted onto an IX-81 inverted microscope (Olympus, Center Valley, PA) 

equipped with an iXonEM+ electron-multiplying charge-coupled device camera (Andor 

Technologies). Specimens were imaged using a 63X/1.42 numerical aperture oil objective. 

Each pixel represents 0.107 µm. Excitation is achieved using solid-state 488- and 560-nm 

lasers. The exposure time was 100 ms. Images were all processed with OMERO in the 

same way for corresponding experiments. 
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5. General discussion and outlook 

This thesis addressed the molecular mechanism and biological relevance of an 

essential and non-canonical Hh signaling pathway. The study of the Hh non-canonical 

pathway has been difficult due to the essential role of the different pathway components in 

development. To uncover the mechanism by which PTCH inhibits SMO took almost 50 

years of research, and just now, we can start exploring whether this is a shared mechanism 

to target other membrane proteins and processes. For instance, it was not until 2018 that 

PTCH’s cholesterol-dependent mechanism could be irrefutably proven in vitro 90. One 

reason for the slow study of PTCH function is that the receptor PTCH is a large multipass 

transmembrane transporter-like protein that is highly insoluble, and it was not until 

significant advances in Cryo-EM were made that its structure could be resolved in 2018 
85,87,88. Nevertheless, significant advances have been made, the implications of PTCH 

mediated membrane cholesterol modulation, additionally to SMO regulation, are 

mysterious. Furthermore, the effect of PTCH’s cholesterol regulation in non-canonical 

pathways is not known. 

There is substantial evidence that PTCH and Hh proteins can have an impact on 

cell physiology, diseases, and development independently of the canonical Hh pathway 
41,52,53,55,57,200. Importantly, it is already demonstrated that in the case of SMO, the 

consequences of PTCH action can be reflected in a long-distance range. Moreover, the 

PTCH effect can be detected in a non-cell autonomous manner 59. Therefore, it is plausible 

that there are other targets of PTCH, which have escaped discovery, because, as SMO, 

they may lack physical interaction with PTCH making their identification difficult. 

The study of SMO-independent effects has long been under-investigated due to the 

lack of a proper system to study it. Furthermore, PTCH function as a cholesterol modulator 

in vivo has merely been addressed in the situation of individual cells, but not in the context 

of a whole organism. This has generated a lack of knowledge in the context of a complex 

system where cells need to communicate and respond accordingly to specific 

developmental requirements. As a consequence, there was the need to establish a system 

in which the intrinsic function of PTCH proteins as cholesterol regulators is conserved, but 

the action of SMO is dispensable. C. elegans is just the perfect system for these type o 

studies.  
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5.1 C. elegans as a model organism to study PTCH functions 
independently of SMO. 

The worm lacks a canonical Hh-SMO pathway, but the action of the PTCH homologs 

is essential for worm survival and development. It has been proposed that the SMO 

signaling axis of the Hh pathway was originally part of a sterol homeostasis pathway 58. 

Therefore, there is the possibility that PTCH has initially regulated other cellular functions, 

yet, this has not been addressed before 75. To deeply analyze this possibility, we used the 

nematode C. elegans in which the Hedgehog pathway is not fully conserved. However, the 

action of the PTCH homologs is crucial for worm development and survival 72. For that 

reason, it is expected that nematodes have SMO independent targets. Here, we evaluated 

the role of the essential PTCH homologs PTC-3, as well as the PTCH related protein PTR-

4, as a way to learn more about the PTCH functions independently of SMO. We studied two 

crucial aspects of PTCH mediated cholesterol regulation. First, the consequences of 

cholesterol regulation by PTCH during development and second, PTCH role in a SMO 

independent manner in an intact organism. Our results not only support the finding that 

PTCH proteins’ main action involves its ability to transport sterols 77,85,89,91,201. Additionally, 

they strongly advocate that regulation of membrane cholesterol is a conserved action 

mechanism in PTCH proteins. To our knowledge, our data demonstrate for the first time 

that a PTCH protein functions as a cholesterol modulator in the context of a whole animal. 

The use of the nematode as a model organism to study the role of cholesterol 

accumulation provided us with several advantages. For instance, we could affect the levels 

of PTC-3 and PTR-4 during development without ultimately impairing growth thanks to the 

RNAi feeding scheme. This timed RNAi manipulation allowed us to find phenotypes that 

arise during the late developmental stages. The use of C. elegans in forthcoming studies of 

PTCH would allow researchers to combine general techniques as lipidomics with tissue-

specific knockdown and cholesterol detection. In the future, these techniques can help not 

just to determine the role of different PTCH proteins in the cells but also to look for other 

targets, as well, to assess more precisely the cholesterol regulation dependent on PTCH 

proteins and their influence during development in different tissues and cellular structures. 

Furthermore, with this thesis, we demonstrated that the nematode is an excellent model to 

study the function of PTCH in cell physiology and animal development. 

5.2 PTCH homologs in C. elegans and its conserved function. 

Since the molecular function of PTCH proteins has been linked to membrane 

cholesterol regulation, the phenotypes observed in the PTC and PTR homologs mutants 
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and knockdown in C. elegans are likely cholesterol-dependent 77,87–89. Our data suggest that 

PTR-4 has cholesterol regulatory capabilities strongly suggesting that, indeed, the role of 

PTR proteins as cholesterol regulators is conserved (Section 3.2.3.2).  

In C. elegans, cholesterol is a crucial molecule for the regulation of larval 

development. Subsequently, the worm must have evolved a way to regulate cholesterol 

levels in specific tissues and organelles. In contrast to mammals, nematodes are unable to 

synthesize cholesterol 116. Therefore, modulation of cholesterol transport and localization 

controls cholesterol levels, both at the level of tissues and subcellular compartments. In C. 

elegans, PTC and PTR proteins have been expanded and are not redundant 72. We 

hypothesize that the individual function of these proteins has not changed, but rather the 

numerous homologs of PTCH proteins and their fine-tuned expression pattern during 

development enable the worms to finely regulate levels of cholesterol and perhaps other 

derived sterols locally and temporally. 

5.3 Role of PTC-3 regulating the membrane structure and its possible 
impact on cell signaling and physiology 

The lack of PTCH proteins or its inhibition originates an accumulation of cholesterol 

at the plasma membrane, which could alter its physicochemical properties. Worms cannot 

store cholesterol in intestinal lipid droplets 97,202–204. Therefore, the excess of cholesterol 

originated by the ptc-3(RNAi) cannot be esterified and stored. As a consequence, it 

accumulates in the membranes and alters their structure to a great extent (Section 3.1.3.5 

and 3.1.3.6). 

A major question of the effect we observed upon ptc-3(RNAi) in the ER structure is 

that we find PTC-3 located in the apical membrane and not in the ER membrane (Section 

3.1.3.1 and 3.1.3.5), as well, we mainly detect cholesterol accumulation at the apical 

membrane (Section 3.1.3.2). Therefore, the direct involvement of PTC-3 in the regulation 

of the ER structure might be seen as an inconsistency. It is important to remember that 

cholesterol can travel from the plasma membrane to the ER and from the ER to other 

organelles by non-vesicular transport 205–207. Therefore, even if we observed PTC-3 mainly 

at the apical plasma membrane, the effect on ER morphology could be a direct 

consequence of cholesterol accumulation in the ER membrane, because the whole-cell 

cholesterol levels are likely affected. The fluidity and flexibility of cellular membranes may 

be altered upon ptc-3(RNAi), which could contribute to the broad range of phenotypes 

observed in the RNAi worms (Section 3.1.3.2). Additionally, the effects observed in the 

endosomal pathway may be related to this cholesterol imbalance. This may cause altered 

membrane properties in early endosomes (Section 4.1.2.4). The positive effect in worm 
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development at higher temperature (25°C) in the ptc-3(RNAi) animals supports these 

hypotheses. 

5.4 Role of PTC-3 regulating metabolism  

Deregulation of lipid and cholesterol homeostasis has major importance on 

development and disease for all eukaryotes 111. Cholesterol is used by cells not only with 

structural means but also is essential for signaling, namely, to regulate fatty acid metabolism 

and hormone signaling 112,113,208,209. In this thesis, we found that the deregulation of 

cholesterol homeostasis as a consequence of ptc-3(RNAi) affects FA metabolism (Section 

3.1.3.6). The role of PTCH proteins in the regulation of general lipid metabolism has been 

previously suggested in mammals, Drosophila, and C. elegans 78,140,155,210. The orthologs of 

SMO, FUS, SUFU, and COS were not conserved in C. elegans during evolution 49,71. 

Consequently, we believe that the FA regulation mediated by the PTCH could be an 

ancestral function of the Hh pathway. Thus, we propose that PTCH proteins could generally 

regulate FA metabolism in a cholesterol-dependent manner, but in a SMO-independent 

mechanism.  

Sterols have been associated with the regulation of FA metabolism alongside with 

NHRs in both mammals and nematodes108,109,111. In vertebrates, NHRs act as lipid sensors 

to regulate fatty acid and cholesterol metabolism 128. It is important to note that in the worm, 

NHRs underwent a vast expansion; consequently, it is not unexpected to find a connection 

between the worm NHR’s expansion and the unique and robust regulation of energy 

metabolism and metabolic adaptation required by C. elegans during development. As 

mentioned earlier, the function of many NHR family members remains elusive. Levels of 

lipid storage correlate to levels of different NHRs. NHR-8 and NHR-49 have been shown to 

have a positive impact on lipid desaturation and accumulation, while DAF-12 and NHR-25 

diminish lipid storage 109,111,148,211. There are fifteen NHRs with clear homologs in other 

species, while from an ancestral HNF4, the other 279 receptors arose 128,212. The role of 

some of them, such as NHR-23, NHR-25, NHR-41, and NHR-67, is related to the control of 

molting while the function of many others remains elusive. Furthermore, NHR-181 has been 

described to interact physically with NHR-49 129,130. We hypothesized that in ptc-3(RNAi) 

animals NHR-181 could be contending with NHR-80 for NHR-49 interaction (Section 

3.1.3.8). Potentially, the modification in FA length and saturation levels could directly affect 

NHR-181 and NHR-49 since both are homologs of PPARa, which has been described to 

bind saturated and cis-monounsaturated C14-18 fatty acids constitutively 213.  

Additionally, NHR-49 can upregulate genes related to beta-oxidation, fatty acid 

desaturation, lipid transport, and synthesis of monomethyl branched fatty acids, presumably 
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in a mechanism dependently on its interaction partner 110,148,149,214,215. Alternative, NHR-181 

could be competing with NHR-49 for the unsaturated FA impairing its activation. A third 

possibility is that NHR functionality and levels are part of a regulatory process that is altered 

by the direct binding of cholesterol. More experiments are needed to elucidate the real 

scenario and the precise mechanism by which ptc-3(RNAi) mediated cholesterol 

accumulation alters NHR signaling. 

Another process that could be modulated by PTC-3 is the entry to the dauer stage. 

As expected, energy metabolism exhibits different patterns between reproductively growing 

larvae and diapaused animals. During reproductive growth, larvae display aerobic 

metabolism, and it converts dietary nutrients into acetyl-CoA, which enters the TCA cycle 

and continues to oxidative phosphorylation. The nuclear hormone receptor DAF-12 besides 

having a role in the decision between growth and dauer stage, is a central regulator of 

energy metabolism, capable of the induction of aerobic fat utilization127, providing another 

possible link between cholesterol signaling imbalanced as a consequence of PTC-3 

knockdown and FA metabolism (Section 3.1.3.6). Interestingly, without PUFAs, worms 

become more sensitive to low cholesterol levels arresting at higher rates 216. Still, it is not 

clear how PUFAs and cholesterol levels synergize during worm development to regulate 

signaling. Importantly we have uncovered that PTC-3 action is necessary for proper 

PUFA levels (Section 3.1.3.6). Though, it remains to be addressed whether PTC-3 is 

directly coupled to the regulation of such a process.  

5.5 Cholesterol analysis in vivo 

During this project, we faced the challenge of studying the levels of cholesterol in 

situ. The analysis of cholesterol distribution and transport in vivo has been difficult due to 

the shortage of technical means to study it. One approach is to visualize cholesterol through 

the use of fluorescent analogs. Nevertheless, a challenge is the lack of analogs with both 

suitable brightness and physical-chemical properties similar to the ones of cholesterol. The 

detection problems prompted the need to develop new tools. Consequently, cholesterol 

sensors based on fragments of cholesterol-binding toxins were developed. For example, 

Perfringolysin O (PFO) is a protein secreted by the Gram-positive anaerobe Clostridium 

perfringens that binds to cholesterol 143. The domain 4 (D4) of PFO is enough to bind 

cholesterol without the cytotoxicity of the toxin. It is a 13 kDa protein which associates with 

cholesterol in membranes through four connecting loops. The expression of the D4, in 

combination with fluorescent proteins such as mCherry, allows cholesterol detection in 

living cells. Wild type versions of the D4 need at least 30 mol % of cholesterol for binding 

to membranes, which for several systems is beyond the average concentration. To solve 
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that problem, mutations aiming to decrease the threshold for cholesterol-binding to the D4 

have been developed 143,144.  

To study in vivo cholesterol accumulation upon PTC-3 depletion. We have taken 

advantage of the high-affinity mutant versions of the D4 fused to mCherry to implement the 

use of genetically encoded tissue-specific cholesterol sensors in living nematodes (Section 

3.1.3.2). This combination of a D4 that is fluorescently-tag and more sensitive allowed us 

to study the localization in vivo of cholesterol in one specific tissue. Furthermore, these 

sensors could be used with other tissue-specific promoters and fluorescently tag proteins. 

This system could be expanded to other tissues and developmental stages, allowing for the 

first time to monitor cholesterol localization and enrichments during the development of a 

multicellular organism.  

5.6 From linear pathways to real complex networks: C. elegans as an 
model to address the crosstalk between PTCH and other developmental 
signaling cascades  

During development, there is extensive crosstalk between multiple developmental signaling 

pathways, which indicates that signaling is more a complex network of interactions than the 

classical linear depiction of individual pathways. There is evidence of the existence of 

crosstalk between the Hh, WNT, and EGF pathways at different levels. Imbalance of their 

regulation plays a role in developmental and cancer-associated processes. For example, in 

mammals, alterations in membrane cholesterol levels can have an impact on a vast number 

of cellular processes like development and cancer via activation of the WNT and EGF 

pathway 106,197. Consequently, membrane cholesterol regulation by PTCH proteins is a 

crucial crosstalk mechanism that remains widely unexplored 217–219.  For instance, a way to 

regulate receptor activity is through the internalization of them. Consequently, it would be 

of great importance to analyze the impact of PTCH cholesterol modulation in the localization 

of receptors of the central developmental pathways as Frizzled for the Wnt pathway, Notch, 

and EGFR. It is important to notice that in most animals, currently, it is not possible to affect 

PTCH cholesterol regulation without affecting SMO regulation. Importantly, while the 

nematode lacks the Hh canonical pathway, it has a conserved WNT signaling pathway. 

Therefore, the worm is the perfect model to overcome that problem. We believe that this 

work has contributed to establish C. elegans as a crucial organism to disentangle such 

complex crosstalk. 
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6. Abbreviation Index 

7-dehydrocholesterol  7-DHC 

Coherent anti-Stokes Raman Scattering Microscopy  CARS 

Costal 2  Cos2 

Cubitus interruptus  Ci 

Dafachronic acid  DA 

Dehydroergosterol  DHE 

Desert hedgehog  DHH 

Domain 4 of PFO  D4 

Double-stranded RNA  dsRNA 

Endoplasmic reticulum  ER 

Extracellular matrix  ECM 

Fatty acids  FA 

Focused ion beam scanning electron microscopy  FIB-SEM 

Fused  Fu 

G-protein coupled receptor  GPCR 

Groundhog  GRD 

Groundhog-like  GRL 

Hedgehog  Hh 

Indian hedgehog  IHH 

Interference RNA  RNAi 

Low-density lipoproteins  LDL 

Lysosome-related organelles  LROs 

Mono-unsaturated fatty acid acyl chains  MUFAs 

Niemann-Pick type C 1  NPC1 

Nuclear hormone receptors  NHRs 

PTCH domain-containing proteins  PTCHD 

Patched-related proteins  PTR 

Perfringolysin O  PFO 

Poly unsaturated fatty acids  PUFAs 

PTCH proteins  PTC 

Quahog  QUA 

Resistance-nodulation division transporters RND 

Smoothened  SMO 

Sonic hedgehog  SHH 

Sterol O-acyltransferase 1  SOAT1 
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Sterol regulatory element-binding proteins  SREBPs 

Sterol-sensing domain  SSD 

Suppressor of Fused  SuFu 

Ultraviolet  UV 

Warthog  WRT 

Zona pellucida  ZP 
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