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Abstract 
 
 

Identification of a function for the zinc coordination center of Shh and mechanisms of 
Smo inhibition by Ptch6/8 activity 

 
 

By 
 
 

Carina Elena Jaegers 
 
 

Doctor of Philosophy in Molecular and Cell Biology 
 
 

University of California, Berkeley 
 
 

Professor Henk Roelink, Chair 
 
 
 

The Hedgehog (Hh) signaling pathway is critical for patterning during embryonic 
development in most animals. The three key components in mammals are the ligand Sonic 
Hedgehog (Shh), its receptors Patched6 and -8 (Ptch6/8), and the pathway activator 
Smoothened (Smo). In the absence of Shh, Smo is inhibited by a small antagonist that is 
thought to be transported across the cell membrane by Ptch6/8. In the genetic and 
functional analyses of single pathway components, three-dimensional aggregates of cells 
with varying genotypes pose a valuable proxy for the in vitro study of signaling events. I 
describe a protocol for the generation and analysis of such in vitro organoids where specific 
roles (like producing and responding cell) can be assigned to a fraction of the cells based 
on their genotype. Release of the ligand Shh from producing cells and the inhibition of Smo 
by Ptch6/8 in responding cells in the absence of Shh are central aspects of this thesis. I 
demonstrate a function for the zinc coordination center of Shh in the release of the protein 
from the cell into the extracellular matrix. Furthermore, I present the known Smo inhibitor 
U-Dehydrocholesterol (UDHC) as a putative cargo for Ptch6/8. Ptch6/8 are not only required 
for UDHC to be inhibitory but also exacerbate the Smo inhibitory effect of UDHC.  
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Identification of the Hh signaling pathway  
Embryonic development depends on the orchestration of signals to transform single cells 
into structured tissues and whole organisms. The central question is how genes, their 
temporal regulation, and subsequent molecular events result in the formation of an 
organism. The legendary forward genetic screen in Drosophila melanogaster conducted by 
Nüsslein-Volhard and Wieshaus in the late 6ZUMs revealed a myriad of genes that played 
pivotal roles during development (Nüsslein-Volhard & Wieshaus, 6Z\M). One of them was 
named Hedgehog (Hh), as incorrect function of this gene resulted in an embryo with 
widespread denticles, reminiscent of hedgehogs (Nüsslein-Volhard & Wieshaus, 6Z\M). 
Other genes identified in this famed Heidelberg screen, Patched (Ptc), Smoothened (Smo), 
and Cubitus interruptus (Ci) were later assembled into a signaling network with Hh as the 
ligand, Ptc as a Hh receptor and suppressor of the response, Smo as the central signal 
transducer, and Ci as a transcription factor activating the expression of Hh target genes 
(Ingham, Taylor, & Nakano, 6ZZ6; Hepker et al., 6ZZU; Alcedo et al., 6ZZ_).  
 
Conservation  
Perhaps one of the most remarkable findings following the Nüsslein-Volhard/Wieshaus 
screen was that nearly all genes essential for development in Drosophila had counterparts 
in all other bilaterians. As it is the case for most central developmental genes, the Hh 
pathway components and their function in signaling are well conserved throughout the 
animal kingdom as deep as the Cnidaria (Adamska et al., 8MMU). Whereas central 
components of the Hh signaling pathway are not found in porifera nor the pre-metazoan 
Choanoflagellatae, single components of the pathway are even present in bacteria (Roelink, 
8M6\). Despite the remarkable conservation of components of the pathway, distinct parts 
and features have emerged in two widely studied organisms, Drosophila melanogaster and 
Mus musculus. Vertebrates have multiple paralogs coding for proteins in the central Hh 
pathway, and three Hh paralogs are present in mammals, Sonic hedgehog (Shh), Indian 
hedgehog (Ihh), and Desert hedgehog (Dhh) (Marigo et al., 6ZZ`). All ligand can activate 
the Hh response, but they differ in their location and timing of expression. Two paralogous 
receptors called Ptch6 and Ptch8 share overlapping functions and three Ci-homologs (Gli6, 
Gli8, and Glia) each have specific properties in mammals. Of the three mammalian ligands, 
Shh has the most impactful contributions in embryonic development and is, therefore, 
most widely studied. 
 
Shh as a morphogen that patterns the vertebrate developing neural tube 
A morphogen, literally producer of shape, is a molecule that controls patterning of tissue 
development through non-uniform distribution. It is therefore of great interest to 
developmental biologists asking the question how patterns arise from a uniform group of 
cells. Although the underlying mechanisms of tissue patterning are conserved across 
different species, their organismal size varies quite drastically. A morphogen can provide 
size-invariant information so that patterns arise in proportion to the size of the organism, 
even when the system is perturbed (Almuedo-Castillo et al., 8M6\).  
 In a landmark paper from 6Z_Z, Wolpert introduced the French Flag Problem as a 
metaphor to address the necessary properties and communications of cells in one 
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dimension to form three distinct regions; the blue, white, and red portion of the French 
Flag (Wolpert, 6Z_Z). Every cell in a tissue is thought to have information about its global 
position in a field, called positional information. Wolpert postulated that positional 
information can not only be conveyed through temporal gradients or oscillating phases, 
but also through the formation and interpretation of a spatial gradient of a diffusible 
molecule, the morphogen. A spatial gradient has one area with the highest concentration, 
usually the site where the morphogen is synthesized, and ever decreasing concentrations 
away from the site of synthesis. The cells are able to detect their position in a gradient and 
translate it into a pattern of gene expression, resulting in the differentiation of the 
stereotypical cell types at the appropriate positions. The cells are thought to have a 
concentration-specific response to the morphogen with certain threshold levels for the 
induction of a class of cell fates, that in turn suppress the fates associated with lower Hh 
concentrations. 
 In the developing embryo, Shh and its receptor are largely expressed at 
complementary and adjacent sites, highlighting that, perhaps with a few exceptions, Shh 
signaling events are non-cell autonomous (Motoyama et al., 6ZZ\). Central developmental 
signaling events are orchestrated from several embryonic signaling centers called 
organizers, where originating signals influence the cell fate of surrounding cells (Spemann 
& Mangold, 6Z8a). These cell populations with inducing activity were confirmed by 
transplantation experiments and mis-expression and genetic manipulation identified a 
central (but not unique) role for Shh in the orchestration of tissue patterning (Placzek, 
Tessier-Lavigne, Yamada, Jessell, & Dodd, 6ZZM). Well-studied examples of “organizing” 
Shh signaling centers are the notochord, a structure involved in patterning of somites and 
the neural tube, and the zone of polarizing activity (ZPA), a structure central in limb and 
digit patterning along the anterior-posterior axis (Riddle, Johnson, Laufer, & Tabin, 6ZZa).  
 The Shh-mediated induction of neural cell fates in the developing neural tube after 
neurulation is a classic example not only of non-cell autonomous Shh signaling from the 
mesoderm to the ectoderm, but also of the interpretation of a morphogen gradient by a 
tissue. After vertebrate gastrulation, cells from one of the three newly-formed germ layers, 
the ectoderm, are signaled to contribute to the nervous system by the underlying 
notochord of the mesoderm. The sheet of cells, also called the neural plate, begins to fold 
inwardly until the ends converge and close the now circular structure along the rostral-
caudal axis with the notochord on the ventral and overlying ectoderm on the dorsal side of 
the embryo (Spemann & Mangold, 6Z8a). The notochord and signals originating from this 
tissue are required and sufficient for the induction of ventral cell fates, as removal of the 
notochord abrogates the formation of the full repertoire of cell fates whereas notochord 
explants can induce ventral cell fates on transplanted tissue (Roelink et al., 6ZZh; 6ZZ`). The 
contact-dependent inductive signal of ventral cell fates in the neural tube from the 
notochord was identified as Shh (Roelink et al., 6ZZh). Shh is synthesized in the notochord 
and induces the formation of another organizer in the ventral midline of the neural tube, 
the floor plate (Placzek, 6ZZ`). The floor plate becomes a new site of synthesis for Shh and 
promotes the formation of a diffusible Shh gradient with the highest concentration at the 
floor plate. Besides floor plate cells, a specialized class of glia cells, two classes of motor- 
and interneurons are generated at slightly more dorsal positions (Jessell, 8MMM). The Shh 
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gradient along the ventral-dorsal axis is interpreted by cells in the neural tube via two 
classes of homeodomain proteins (Briscoe, Pierani, Jessell, & Ericson, 8MMM). The 
expression of class I transcription factors is repressed at certain thresholds of Shh signaling, 
whereas class II transcription factors are induced (Jessell, 8MMM). They act as intermediate 
factors in the interpretation of the Shh gradient and their combinatorial and cross-
regulatory expression in the ventral neural tube eventually defines five progenitor cell 
domains. Both class I and II transcription factors have found wide acceptance as markers 
for cell fates in in vivo as well as in vitro experiments (Briscoe et al., 8MMM). 
 Mutations in the Hh pathway components have revealed its importance in 
development of all bilaterians. Reduced Hh signaling can lead to a number of severe birth 
defects in humans, among them holoprosencephaly, hypotelorism, and cleft palate 
(Roessler et al., 6ZZ_). Holoprosencephaly is the most common structural defect of the 
developing brain and characterized by a failure of formation of midline structures, resulting 
in an undivided forebrain. Mouse knock-out experiments have shown that complete 
absence of Shh or the signal transducer Smo are embryonically lethal at early 
developmental stages (Chiang et al., 6ZZ_; X. M. Zhang, Ramalho-Santos, & McMahon, 
8MM6). Shh-/- mice have extensive defects affecting tissues adjacent to the normal sites of 
Shh expression, emphasizing the role of Shh as a central secreted signaling ligand (Chiang 
et al., 6ZZ_). Consistent with the idea that Smo is essential for all Hh signaling, Smo-/- mice 
are phenotypically similar to Shh and Ihh compound mutants that do not survive beyond 
Z.` days post coitum (dpc) (X. M. Zhang et al., 8MM6).   

Whereas developmental defects generally are caused by reduced Hh signaling, 
cancers usually arise due to increased activation of the Hh pathway. In pancreatic cancer 
for example, Shh is produced by tumor cells and activates the pathway in the neighboring 
stromal cells, thereby activating this compartment and creating a favorable environment 
for tumor cells (Bailey, Mohr, & Hollingsworth, 8MMZ). Oncogenic Kras in the pancreatic 
cells promotes the aberrant production of Shh, which the pancreatic cells themselves do 
not respond to (H. Nakashima et al., 8MM_; Tian et al., 8MMZ).  
 Other cancer driving mutations have been found in Ptch6/8, resulting in a loss of 
function of this tumor suppressor (Xie et al., 6ZZU). Tumor-associated mutations in Smo 
either lock the protein in an active state or render it insensitive to inhibition (Unden et al., 
6ZZ_; Xie et al., 6ZZ\; Yauch et al., 8MMZ). Furthermore, some cases of Gallbladder cancer 
have underlying mutations in a specific area of the Shh ligand, presumably increasing its 
activity and providing an excellent opportunity to study the role of certain domains of the 
protein for normal Shh function (Dixit, Pandey, Tripathi, Dwivedi, & Shukla, 8M6U). 
 
Hh signaling 
Human Shh is synthesized as a h_8 amino acid, h` kDa protein that undergoes auto-
processing mediated by the C-terminal domain. The result is the 8M kDa N-terminal mature 
signaling protein, covalently attached to a cholesterol at the C-terminal residue, and the C-
terminal processing domain (Porter et al., 6ZZ`; Porter, Young, & Beachy, 6ZZ_). 
Subsequently, the acyltransferase skinny Hedgehog mediates lipidation of the of the N-
terminal residue of the mature protein (Chamoun et al., 8MM6). This dual-lipidated 
molecule is commonly referred to as ShhNp and is thought to be membrane-bound (Peters, 
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Wolf, Wagner, Kuhlmann, & Waldmann, 8MMh). Release of ShhNp from the synthesizing 
cells into the environment – a crucial step in non-cell autonomous signaling – requires the 
function of the Ptch6 homolog Disp6, via a poorly understood mechanism (Etheridge, 
Crawford, Zhang, & Roelink, 8M6M). In addition, the release of ShhNp is facilitated by zinc-
metalloproteases of the ADAM (a disintegrin and metalloprotase) family, glycosylated 
components of the extracellular matrix, and other scaffolding proteins like Scube8 
(Dierker, Dreier, Petersen, Bordych, & Grobe, 8MMZ; Jakobs et al., 8M6h).  The inhibition of 
the signal transducer and GPCR Smoothened (Smo) in the absence of the ligand is non-
stochiometric and mediated by a not yet unambiguously identified molecule, most likely a 
sterol (Taipale, Cooper, Maiti, & Beachy, 8MM8). Binding of Shh to the transmembrane 
transporter Ptch6 on responding cells blocks the transporter activity of Ptch6, leading to the 
release of Ptch6/8-mediated inhibition of Smo (Tukachinsky, Petrov, Watanabe, & Salic, 
8M6_). Activation of Smo elicits an intracellular downstream transcriptional response 
mediated by the Gli family of transcription factors (Ruppert, Vogelstein, Arheden, & 
Kinzler, 6ZZM). Gli transcription factors function as transcriptional repressors in the 
absence of the ligand due to post-translational processing that is inhibited upon Smo 
activation (Hynes et al., 6ZZU). Target genes of the Gli transcription factors include Ptch6, 
creating a negative feedback loop (Hynes et al., 6ZZU).  
 
Components of the Hh signaling pathway in metazoans 
All Hh ligands have two domains, a secreted N-terminus (“Hedge”) and a “Hog” domain 
with autocatalytic activity (Bürglin, 8MM\). This setup is found in many protists and 
suggests that the Hog family of genes with different N-termini arose early in eukaryotic 
evolution. The structure of the auto-processing domain is homologous to that of self-
splicing proteins (Hall et al., 6ZZU): A reactive thio-sidechain of cysteine in the C-terminal 
“Hog” domain forms a thio-ester with the carbonyl carbon of the preceding glycine, an 
intermediate that is resolved via the nucleophilic attack of a lipophilic nucleophile (Porter 
et al., 6ZZ_). In case of Hhs, the hydroxyl group on the A ring of cholesterol can provide 
this nucleophilic center, resulting in the addition of cholesterol to Shh at the site of 
cleavage (Porter et al., 6ZZ_). Positioning a stop codon at the site of cleavage results in the 
form of Shh with a peptide structure identical to mature Shh but lacking the cholesterol 
moiety. This truncated version of Hh (usually referred to as HhN) is soluble and therefore 
commonly used in experiments, as production and harvesting of this form of ShhN is 
relatively straightforward. HhN retains signaling activity and even signals better in some 
assays (Casillas & Roelink, 8M6\). In mice expressing ShhN, the morphogenic gradient 
appears longer and flatter due to the altered physical properties. The response to the 
cholesterol-unmodified ligand, however, remains largely unchanged (Y. Li, Zhang, 
Litingtung, & Chiang, 8MM_). Nevertheless, this version remains a useful artificial proxy for 
the physiological ligand (Ingham & McMahon, 8MM6). 
 Another post-translational lipid modification is added to all Hhs in the Golgi before 
secretion from the cell: Hh acyltransferase (HHAT) or Skinny Hedgehog (Skn) catalyzes 
the amide linkage of palmitate to a conserved cysteine residue at the N-Terminus (Buglino 
& Resh, 8MM\; Chamoun et al., 8MM6). Neither autoprocessing nor cholesterol at the C-
Terminus is required for palmitoylation. The importance of the C-Terminal lipid 



	 6	

modification becomes apparent again when it is absent: Mice lacking Hhat have severely 
disrupted Hh signaling, in particular long-range signaling, and restriction of Shh expression 
to the notochord (Dennis et al., 8M68). 
 Lipid modifications at both the N- and C-Terminus of Shh tether it tightly into the 
cell membrane (Peters et al., 8MMh). Various models have emerged that aim to reconcile 
the insoluble properties of Hh ligands with signaling from the site of synthesis to recipient 
cells, oftentimes over considerable distances (Briscoe & Thérond, 8M6a). Shh can form 
multimers reminiscent of micelles with the hydrophobic lipid modifications in the center 
of the multimer, thereby rendering the proteins soluble (Chen, Li, Kawakami, Xu, & 
Chuang, 8MMh). Another way of solubilizing the protein is to enzymatically remove the 
lipid modifications, a process called “shedding” and involving members of a disintegrin and 
metalloprotease (ADAM) family and the scaffolding protein Scube8 (Tukachinsky, 
Kuzmickas, Jao, Liu, & Salic, 8M68). Alternatively, carriers of Hh ligands like exosomes, 
liposomes, and cytonemes are harnessed to transport the signaling molecule from 
producing to recipient cells (Ohlig et al., 8M68; Palm et al., 8M6a; Roy, Huang, Liu, & 
Kornberg, 8M6h). Exosomes are extracellular vesicular particles originating from endocytic 
multivesicular bodies or derived from apical microvilli (Tanaka, Okada, & Hirokawa, 
8MM`). Liposomes are assembled from lipophorin apolipoproteins that can be recruited 
from the heparan sulfate sidechains of glypicans, an extracellular matrix protein that Shh 
interacts with (Eugster, Panáková, Mahmoud, & Eaton, 8MMU). Finally, cytonemes are 
specialized filopodia in both Drosophila and vertebrates. These highly dynamic basal 
filopodia can be decorated with Hh and deliver the signaling molecule over some distance 
to recipient cells (Roy et al., 8M6h). The cellular context and functional impact of each of 
these modes of transport, however, is contentious. 
 
The structure of ShhN  
The protein sequence of ShhN can be divided into three domains with distinct functions: 
6) the N-terminal Ptch6/8-binding domain, 8) the calcium coordination domain 
encompassing the large alpha-helix, and a) the zinc coordination domain. Structurally, Hh 
consists of five antiparallel beta-sheets that separate a large alpha-helix from the zinc 
coordination center (Hall, Porter, Beachy, & Leahy, 6ZZ`). Furthermore, two calcium ions 
can be coordinated in close proximity to the zinc coordination center. Three residues (H6h6, 
D6h\, and H6\a, mouse numbering) coordinate a zinc ion and occupancy of this 
coordination site by zinc is imperative to the structural integrity of Shh and increases the 
half-life of the protein (Day et al., 6ZZZ). Initial crystallographic studies recognized the 
overall structure of the bioactive Hh ligand to be similar to peptidases of the M6` family of 
D-Ala-D-Ala carboxypeptidases (DD peptidase) that, in addition to Zn8+ in their active 
center, also coordinate two calcium ions (Hall et al., 6ZZ`). The protein sequence of the Shh 
calcium and zinc coordination domains have a remarkable _` % sequence identity with 
several bacterial proteins (Roelink, 8M6\).  Mesorhizobium and Bradyrhizobium can code 
for a protein that has in which the identity to Shh includes all calcium and zinc 
coordinating residues and are thus referred to as “bacterial Hh” (BacHh) (Roelink, 8M6\). 
DD-peptidases initiate catalysis of their substrates with the abstraction of a proton from 
the catalytic water in close proximity to the zinc via the reactive sidechain of a glutamic 
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acid (the equivalent in murine Shh would be E6UU). This is followed by a nucleophilic attack 
of the resulting hydroxide on the carbonyl carbon of the peptide backbone. Two additional 
histidine residues (H6a` and H6\6) then create a pentacoordinate intermediate state that is 
resolved into the hydrolyzation products (Cerdà-Costa & Gomis-Rüth, 8M6h).  
 
The extracellular matrix and Shh distribution 
Shh binds to heparan-sulfate via a series of positively charged lysines and arginines in an 
unstructured stretch of the N-Terminus, called the Cardin-Weintraub motif (Esko & 
Selleck, 8MM8; Farshi et al., 8M66). This binding is crucial in the process of releasing Shh 
from the producing cell, the shedding (Jakobs et al., 8M6_). HS as well as another scaffolding 
protein, Scube8, guide Shh to metalloproteases that remove the N-terminal palmitoyl 
modification (Jakobs et al., 8M6U). Up to six Shh molecules binding a stretch of HS has been 
shown, a feature that has found wide popularity in the tag-free protein purification process 
of Shh using HS affinity columns (Whalen et al., 8M6a). 
 Heparan-sulfate proteoglycans (HSPGs) are cell-tethered or untethered 
components of the extracellular matrix and characterized by a protein core and O-linked 
heparan-sulfate side chains of varying lengths (Sarrazin, Lamanna, & Esko, 8M66). As a 
member of the glycosaminoglycan family of carbohydrates, heparan sulfate consists of 
disaccharide units with varying sulfatations (Varki et al., 8MMZ). The varying lengths of the 
HS side chains in combination with different glucosaminoglycan units produces a 
multitude of variations in the HS composition across different tissues, sometimes referred 
to as the “heparome” (Turnbull, Powell, & Guimond, 8MM6). Initial steps in the post-
translational chain formation include the addition of xylose to a serine residue of the core 
protein by xylosyltransferase, followed by the addition of two galactose residues and 
glucuronic acid by galactosyltransferases I and II and glucuronosyltransferase (Almeida et 
al., 6ZZU; Müller et al., 8MM`). Exostosin 6 and 8 (Ext6 and Ext8) are glycosyltransferases that 
act as heterodimers in the elongation of the side chains. As tumor suppressors, mutations 
in these genes cause developmental diseases as well as tumors (Lind et al., 6ZZ\). 

Morphogenetic signaling by Shh is most easily explained by the graded distribution 
of Shh away from the sources of synthesis. The precise mechanisms of Shh transport away 
from the cells is unknown, but genetic evidence show an important role for HSPGs. In 
Drosophila, mutations in the Glypican orthologs dally and dally-like or the Ext6/8 orthologs 
tout velu and brother of tout velu reduce the signaling range of Hh due to disruption of Hh 
spread (Bellaiche, The, & Perrimon, 6ZZ\; Han et al., 8MMh). In mammals, both the HSPG 
core proteins, Glypicans, as well as the enzymes elongating the HS side chains, Ext6/8, are 
tumor suppressors. Additionally, the loss of Ext6/8 causes severe embryonic defects and 
effects embryonic Shh distribution and response in mice (Lin et al., 8MMM; Stickens, Zak, 
Rougier, Esko, & Werb, 8MM`), highlighted by a hypomorphic allele of Ext6 that increases 
the range of Ihh signaling (Koziel, Kunath, Kelly, & Vortkamp, 8MMh). In vitro experiments 
showed that the loss of Gpc` or Ext6/8 in recipient cells results in the accumulation of 
extracellular Shh, indicating that HSPGs are involved in sequestration of extracellular Shh 
(Capurro et al., 8MM\; Guo & Roelink, 8M6Z). HSPGs are also involved in the transport of 
Shh to the recipient cells. In in vitro experiments where ExtG/H-/- or GpcJ-/- cell were 
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assigned the role of “transporting cells”, the non-cell autonomous response to Shh was 
increased in Ext6/8 or Gpc` competent recipient cells (Guo & Roelink, 8M6Z).    
 
Is Shh a peptidase? 
Although the sequence and structure of Shh is reminiscent of zinc-metalloprotease, 
functional studies rejected the idea of Shh having proteolytic activity and the zinc-
coordination center was declared “pseudo-active” and a Ptch6-binding site (Fuse et al., 
6ZZZ; Hall et al., 6ZZ`). In these studies, purified recombinant ShhNp elicited a Hh response 
when added to the medium of chicken intermediate neural plate explants, arguing against 
a role of the putative peptidase activity of Shh in the reception of the signal but not of 
earlier steps like the release of Shh from producing cells. Informed approaches with a 
variety of substrates, including known targets for DD-carboxypeptidases, failed to reveal 
any Shh peptidase activity (Fuse et al., 6ZZZ).  
 Bacterial operons are functional entities of genes under the control of a single 
promoter and the genes in one operon usually code for proteins with similar functions or 
proteins that function in the same pathway (Jacob, Perrin, Sanchez, & Monod, 6Z_M). 
Therefore, operons are a useful tool to infer the function of an unknown protein by 
comparing the sequence and function of the gene product to those in the same operon. In 
Mesorhizobium and Bradyrhizobium, BacHh can be found in operons together with other 
genes that code for cell-wall degrading proteases like lysozyme, a peptidoglycan 
endopeptidase, N-acetylmuramoyl-L-alanine amidase, and several trypsin homologs, 
suggesting a role for BacHh in the degradation and/or remodeling of the bacterial cell wall 
(Roelink, 8M6\). A major component of the cell wall and the periplasmatic space are 
peptidoglycans or murein, a mesh-like structure consisting of long chains of carbohydrates 
and short (a-` amino acids) peptide chains connecting the carbohydrate chains (Meroueh 
et al., 8MM_). As bacteria incorporate D-amino acids in peptidoglycan, DD-peptidases are 
predicted to specifically cleave bacterial peptidoglycans (Aliashkevich, Alvarez, & Cava, 
8M6\). 
 
Ptch) and PtchB – Reconciling their roles as RND transporters, Smo inhibitors and 
Shh receptors 
Mammals have two Ptch paralogs with largely complementary expression with Shh.  In the 
vertebrate neural tube for example, Ptch6 is expressed in a gradient with the highest 
expression adjacent to the floor plate and notochord, both structures that express Shh. 
Once Shh-expressing floor plate cells are established, Ptch6 expression disappears from 
those cells (Goodrich, Johnson, Milenkovic, McMahon, & Scott, 6ZZ_). During epidermal 
development in the tooth and hair follicle on the other hand, Ptch8 and Shh are co-
expressed in epithelial cells (Motoyama et al., 6ZZ\).   

Concurrent biochemical studies revealed binding of vertebrate Shh to the second 
extracellular loop of the 68-pass transmembrane protein (Gong et al., 8M6\; Qi, Schmiege, 
Coutavas, Wang, & Li, 8M6\). An ancient, internal duplication of the gene presumably gave 
rise to a six-plus-six transmembrane structure with two large extracellular loops, producing 
an internal symmetry in the structure (Hausmann, Mering, & Basler, 8MMZ). Although Ptch6 
and Ptch8 share overlapping functions, Ptch6 is thought to be the main molecule regulating 
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the canonical Shh response. Ptch8, however, can substitute in the absence of Ptch6 (Alfaro, 
Roberts, Kwong, Bijlsma, & Roelink, 8M6h).  
 Ptch6/8, together with another component in Shh signaling, Dispatched, belong to 
the resistance-nodulation-division (RND) superfamily of transporters. Other members of 
this family include NPC6 and bacterial and archaeal proton-driven antiporters (Tseng et al., 
6ZZZ). RND transporters are small-molecule efflux pumps that, in complexes with other 
structural proteins, span the inner and outer wall of gram-negative bacteria (Z. Wang et 
al., 8M6U). Protons accumulating in the periplasmatic or intermembrane space create an 
electrochemical pH gradient that is utilized by RND transporters to drive the transport of 
their cargo in exchange for a proton (Hausmann et al., 8MMZ). As a proton gradient across 
the cell membrane does not exist in metazoans, Ptch6/8 has been suggested to use the 
naturally occurring sodium gradient at the cell membrane to efflux its cargo or function in 
acidified compartments like late endosomes and trans Golgi (Myers, Neahring, Zhang, 
Roberts, & Beachy, 8M6U). The cargos for bacterial RND transporters are in many cases not 
known and assumed to be diverse. Best studied members of the RND family transport beta-
lactam antibiotics, thereby providing antibiotic resistance and posing a grave challenge in 
modern medicine. In the quest of identifying the cargo for Ptch6/8, functional counterparts 
in bacteria have been consulted. Hopanoid biosynthesis genes are located directly adjacent 
to a subfamily of RND transporters, therefore presumably forming co-transcribed 
functional entities (Perzl et al., 6ZZ\). Hopanoid is a structural and functional analog to 
sterols and the cargo for a bacterial transporter with remarkably high sequence similarity 
to Ptch6, suggesting that the Ptch6/8 cargo is a sterol (Hausmann et al., 8MMZ). Other 
evidence that the Ptch6/8 cargo is a sterol comes from a conserved domain in RND 
transporters, the sterol-sensing domain (SSD). This domain formed in ` of the 
transmembrane regions of Ptch6/8 is able to bind cholesterol and is present in proteins that 
have functions in cholesterol signaling and metabolism (V. Martin, Carrillo, Torroja, & 
Guerrero, 8MM6). A definitive experiment showing the transport of cholesterol (or another 
molecule) by Ptch6/8, however, has not been performed, leaving this aspect as one of the 
main open questions in the field. 
 RND transporters are understood to function as obligate homotrimers, a feature 
that has been shown to be true for Disp6 as well (Etheridge et al., 8M6M). Crystallographic 
studies on AcrB, an RND transporter in Escherischia coli (E. coli), together with its cargos 
suggested that RND transporters function as “peristaltic pumps”, where each monomer of 
the trimer is in different conformations at a time (Murakami, Nakashima, Yamashita, 
Matsumoto, & Yamaguchi, 8MM_). Ptch6/8 might also function in this fashion, as mutations 
in the membrane-spanning pore are dominant negative, presumably leaving the complex 
stalled. The variety of cargos for RND transporters can be explained with different entry 
routes for the cargo. Besides the central transmembrane pore created by the trimer, an 
opening at the side of the protein in the periplasmic space can be a point of entry 
(Murakami et al., 8MM_; Seeger et al., 8MM_). Although Ptch6/8 lacks the periplasm-
spanning accessory proteins of RND transporters, alternative entry points for cargos have 
been speculated as well, in particular a site adjacent to the SSD and in the extracellular 
loops. Furthermore, evidence was presented that Ptch6, as some prokaryotic RND 
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transporters, might function as a lipid flippase, influencing the lipid composition of the 
inner membrane leaflet (Y. Zhang et al., 8M6\).  
 

 
Figure ). Structure of Ptch) bound to ShhN. A: Side view: Shh is shown in red., Ptch6 in beige. Note the 
insertion of the N-terminal domain deep into Ptch6, close to the transmembrane region. Lines indicate the 
position of the membrane. B: Top view. The putative proton channel runs straight through the center of the 
molecule. C:  as in B, but with Shh shown as well. Note that the N-terminus of Shh resides inside the putative 
proton channel, likely preventing proton-driven antiporter activity.  
 
Another member of the RND superfamily might provide insight into the function and cargo 
for Ptch6/8. Genetic studies in mice revealed mutations in a transporter of the RND 
superfamily that was given the same name as an autosomal recessive disorder in humans, 
Niemann-Pick Type C6 (NPC6) (Karten, Peake, & Vance, 8MMZ; Loftus et al., 6ZZU). In the 
absence of the transporter, cholesterol homeostasis is impaired and lipids like cholesterol 
and sphingomyelin accumulate in acidic cellular compartments like endosomes and 
lysosomes (Karten et al., 8MMZ). NPC6 normally regulates the cellular uptake of cholesterol 
from the extracellular space to the cytoplasm via endosomes and it can bind cholesterol at 
its SSD with nanomolar affinity, suggesting that its cargo is a sterol and that it functions in 
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a compartment with a proton gradient (Infante et al., 8MM\). This further suggests that the 
cargo of Ptch6/8 is a sterol.  
 Ptch6/8 is an inhibitory component of the pathway in the absence of the ligand. This 
inhibition can be reversed upon binding of Hh to Ptch6/8, and two distinct sites have been 
described. Biochemical and cryo-EM studies show the palmitoylated N-terminus of Shh 
inserting into the ion pore of Ptch6, close to its transmembrane domains and the N-
terminus suffices to regulate Ptch6 activity (Figure 6) (Qi et al., 8M6\; Tukachinsky et al., 
8M6_). An additional binding site was identified in the extracellular loops of Ptch6 and is 
more likely involved in the internalization of Ptch6/8 and Shh, thereby only indirectly 
affecting the response (Incardona et al., 8MMM; Rudolf et al., 8M6Z).  
 
Smoothened 
Smoothened (Smo) is a U-pass transmembrane G-protein coupled receptor (GPCR) of the 
class F and most conserved with Frizzled, the receptor for Wnt (van den Heuvel & Ingham, 
6ZZ_). Smo is the sole transducer of the Hh signal, but a binding interaction between Smo 
and Ptch6/8 has not been shown. Instead, Smo is subject to a catalytic negative regulation 
by Hh-unbound Ptch6/8 in a sub-stochiometric fashion (Taipale et al., 8MM8). 
Sequestration of a Smo agonist by Ptch6/8 has been discussed as a possible mechanism for 
Smo inhibition by Ptch6/8, but the prevailing model in the field remains that Ptch6/8 
utilizes the transport of a small molecule inhibitor to regulate Smo activity (Sharpe, Wang, 
Hannoush, & de Sauvage, 8M6`). Besides this canonical model of Smo inhibition and 
activation, evidence exists for cell autonomous Smo activation by Shh in the absence of 
Ptch6/8. (Casillas & Roelink, 8M6\) 

An antenna-like cellular compartment called the primary cilium constitutes an 
important cellular compartment for many Shh pathway components in vertebrates. Ptch6 
resides in primary cilia in the absence of the Shh ligand and switches places with Smo upon 
Shh binding (Rohatgi, Milenkovic, & Scott, 8MMU). Smo re-localization to the primary 
cilium is essential for activation of the downstream intracellular signaling response, as 
many components of this cascade can also be found in this organelle (Corbit et al., 8MM`). 
Thus, localization of Smo at the primary cilium has become a widely-used assay for 
transcriptional Hh pathway activation.  
 Besides the transcriptional response initiated by Smo from the primary cilium, 
activated Smo can be found in other intracellular locations like the endosome (Bijlsma, 
Damhofer, & Roelink, 8M68). Shh is a cellular chemoattractant guiding commissural axons 
and retinal ganglion axons (Bijlsma, Borensztajn, Roelink, Peppelenbosch, & Spek, 8MMU). 
The chemotactic response is mediated by Smo outside of the primary cilium without 
requiring any de novo transcription or Gli proteins. Drosophila cells, notably, do not have 
primary cilia and Smo function, therefore, seems to have diverged between species. While 
Drosophila Smo cannot activate a transcriptional response in mouse cells, chemotactic 
signaling is even more efficient with Drosophila Smo than with mouse Smo, suggesting that 
the chemotactic function is evolutionarily more conserved than transcriptional activation 
(Bijlsma et al., 8M68). 
 Smo is a potent oncogene and has therefore received tremendous attention aiming 
to find small molecule inhibitors as a therapeutic approach. A panel of synthetic and 



	 12	

naturally occurring small molecules has been classified into two categories based on the 
localization of binding (Sharpe et al., 8M6`). Smo possesses the typical architecture of 
GPCRs with U transmembrane helices that bundle together and an N-terminal extracellular 
domain that is rich in cysteine residues (cysteine rich domain, CRD) (C. Wang et al., 8M6a). 
Both the CRD and the heptahelical bundle in the transmembrane domain (TMD) are sites 
where small molecules can bind. The localization does not, however, predict the effect of 
small molecules on Smo, as both agonists and antagonist can bind to the CRD and TMD. 
The intracellular C-terminal tail constitutes a small helix closely associated with the 
membrane and thought to induce a small conformational change upon activation (Zhao, 
Tong, & Jiang, 8MMU). Co-crystallizations with Smo and bound agonists or antagonists were 
utilized to shed light on Smo dynamics and the dimerization of the cytoplasmic tails in 
particular.  
 
Small molecules inhibiting the CRD or TMD  
The first small molecule regulating Smo was discovered following a series of serious birth 
defects in lambs in Idaho (Keeler & Binns, 6Z_\). The phenotype of lambs whose mothers 
consumed the wild plant Veratum californicum during gestation resembled those seen in 
congenital Shh perturbations and led eventually to the conclusion that the sterol-like 
molecule cyclopamine produced by the plant inhibits Shh signaling via binding to Smo at 
the heptahelical bundle (Chiang et al., 6ZZ_; Roessler et al., 6ZZ_; Taipale et al., 8MMM). Even 
within the class of small molecules binding to the TMD, different binding sites have been 
identified. Cyclopamine binds Smo relatively superficially and predominantly to the 
extracellular loops linking the transmembrane helices, therefore sometimes referred to as 
the “cyclopamine-binding pocket”, whereas another antagonist, SANT-6, deeply inserts into 
the hydrophobic transmembrane region (C. Wang et al., 8M6h; Weierstall et al., 8M6h). 
Despite eliciting opposing effect on Smo, the Smo agonist SAG binds at a similar location 
and even shares many binding contacts with cyclopamine in the TMD (C. Wang et al., 
8M6h).  
 The CRD of Smo is required for chemotactic response through regulating ciliary 
localization as well as cell-autonomous and Ptch6/8-independent transcriptional response 
(Aanstad et al., 8MMZ). Wnts can bind Frz receptors via a hydrophobic groove in the CRD, 
but no such interaction of Smo with a ligand has been shown (Janda, Waghray, Levin, 
Thomas, & Garcia, 8M68). Instead, the CRD of Smo can bind a variety of sterols with 
activating consequences (Myers et al., 8M6a; Nedelcu, Liu, Xu, Jao, & Salic, 8M6a). Of 
particular interest are oxysterols, oxidized derivatives of cholesterol, that occur naturally 
in the cell membrane and promote ciliary accumulation and activation of Smo (Dwyer et 
al., 8MMU; Rohatgi et al., 8MMU). The CRD is thought to be an allosteric binding site for small 
molecule Smo modulators like oxysterols, and the endogenous Smo inhibitor(s) could use 
both the TM and the CRD for optimal regulation of the Hh response (Sharpe et al., 8M6`).  
 
The cholesterol synthesis pathway and Hh signaling – a way to find the Smo 
inhibitory molecule? 
Hedgehog signaling and other important signaling networks rely on cholesterol, which is 
why cholesterol homeostasis, too, is critical for proper growth and development. De novo 
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synthesis of cholesterol from Acetyl-CoA requires a multitude of enzymatically catalyzed 
steps and can broadly be divided into the pre- and post-squalene pathway (Porter & 
Herman, 8M66). In the first step of the post-squalene pathway, the linear squalene is cyclized 
to lanosterol, which represents a commitment to sterol synthesis. The following enzymatic 
reactions include reduction and isomerization of double bonds and reduction of methyl 
groups (Bloch, 6Z_`). The linear pathway of cholesterol synthesis is named after the 
researchers that contributed significantly to the elucidation of the mechanism and were 
awarded a Nobel Prize for their work, Konrad Bloch and Feodor Lynen (Bloch, 6Z_`). 
Shortly after, a parallel pathway was proposed by Kandutsch and Russell, arguing that the 
reduction of a double bond in the aliphatic side chain of cholesterol can be catalyzed by 
aβ-hydroxysterol Δ8h-reductase (DHCR8h) in between any step (Kandutsch & Russell, 
6Z_M). This depiction of two parallel pathways, referred to as the “Bloch” and “Kandutsch 
and Russell” pathways. 
 The extent of cholesterol contribution to normal development becomes particularly 
apparent in congenital malformations with underlying mutations in the cholesterol 
biosynthesis pathway. The most common malformation syndrome with underlying 
mutations in cholesterol synthesis genes is the Smith-Lemli-Opitz syndrome (SLOS), 
named after the physicians that first delineated it in 6Z_h (Smith, Lemli, & Opitz, 6Z_h). 
SLOS is an autosomal recessive disorder caused by mutations in the gene coding for the U-
dehydrocholesterol reductase (DHCRU) (Waterham et al., 6ZZ\). This enzyme catalyzes the 
last step of cholesterol synthesis, the reduction of the immediate cholesterol precursor U-
dehydrocholesterol (UDHC) to cholesterol. Hence, mutations in the DHCRU cause an 
increase in UDHC and a decrease of cholesterol levels (Irons, Elias, Salen, Tint, & Batta, 
6ZZa). The spectrum of phenotypes in SLOS is broad and can range from mild symptoms 
like minor physical abnormalities and behavioral problems to lethal malformations (Ryan 
et al., 6ZZ\). The most common anatomical anomaly is a syndactyly of the second and third 
digit and craniofacial anomalies include microcephaly and cleft palate (Ryan et al., 6ZZ\).  
 Given the numerous biological functions of cholesterol as a component of cellular 
membranes, structural element of lipid rafts, and precursor of steroid hormones, 
oxysterols, and neuroactive steroids, it is self-evident that the pathogenesis of SLOS cannot 
be traced to a single pathogenic mechanism. In addition to its various functions in cellular 
homeostasis, cholesterol has many shown and suspected functions in Hh signaling that 
could contribute to SLOS pathogenesis. The resemblance of malformations seen in SLOS 
with those of developmentally impaired Shh signaling led researchers to the conclusion 
that Shh could be malfunctioning in patients with SLOS (Roessler et al., 6ZZ_; Ryan et al., 
6ZZ\). Although the exact mechanism of Shh signaling impairment is not known, several 
models exist. The most obvious hypothesis, that a lack of cholesterol prevents Shh auto-
processing and the simultaneous covalent addition of cholesterol to the new C-Terminus, 
however, could be refuted with studies showing the possibility of substitution of 
cholesterol with other sterols, yielding a functional morphogen (Cooper et al., 8MMa; Zhao 
et al., 8M6Z). Instead, reduced total sterol levels were shown to inhibit Smo in mouse 
fibroblasts, causing impaired Shh signal transduction in the responding cell (Cooper et al., 
8MMa). Other studies demonstrated an inhibitory effect of vitamin Da, a metabolic product 
of UDHC, and oxysterols on Smo (Bijlsma et al., 8MM_). A less pursued hypothesis stipulates 
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that the disturbance of lipid rafts in the cell membrane could alter Shh signaling (Keller, 
Arnold, & Fliesler, 8MMh). Lipid rafts are discrete domains in the cell membrane with a 
distinct lipid composition and play a major role in signal transduction (Lingwood & 
Simons, 8M6M). Alterations in their composition and therefore physiochemical properties 
can have grave consequences for the dispatching and reception of signals, Shh among 
others. Shh enriches in lipid rafts before it is secreted, presumably in a potent form acting 
at a long range (Long, Winterbottom, & Robbins, 8M6`).  
 Two other congenital malformation syndromes with underlying mutations in genes 
coding for enzymes involved in cholesterol synthesis, lathosterolosis and desmosterolosis, 
are less well characterized and oftentimes confused with SLOS, presumably due to their 
rarity and overlapping phenotypic appearances in patients (Porter & Herman, 8M66). 
 
In vitro modeling of the developing neural tube 
The complexity of developing organisms gives rise to certain limitations when studying 
developmental processes in model organisms, especially on a molecular level. Two-
dimensional tissue culture experiments have shed light on numerous aspects of Shh 
signaling, but the advent of three-dimensional tissue culture systems and organoids 
enabled studying intercellular cell signaling events in a more physiological setting that is 
amenable to genetic manipulation. In particular, experiments investigating aspects of 
gradient formation and interpretation as well as cell-migration events benefit from more 
complex experimental setups. The generation of in vitro organoids from pluripotent stem-
cells is established to date for numerous tissues like the brain, kidneys, intestine, and skin. 
When modeling the brain, three-dimensional organoids can be cultured for an extended 
period of time and develop defined brain regions reminiscent of human cortical 
development by culture day aM (Lancaster et al., 8M6a). With the appropriate culture 
conditions, mouse embryonic stem cells (mESCs) can acquire embryonic lineages in 
organoids, or embryoid bodies, from their undifferentiated state in a two-dimensional 
tissue culture (G. R. Martin, 6Z\6). In this process, addition of the endogenous patterning 
molecule retinoic acid aids in the acceptance of a pro-neural fate (Bain, Kitchens, Yao, 
Huettner, & Gottlieb, 6ZZ`). These organoids mimic the neural tube and are therefore 
referred to as spinal cord organoids (SCOs). While the “default” state of the cells in SCOs 
is the expression of markers of dorsal neural cell fates, ventral cell fates can be induced by 
activation of the Shh response in the cells (Alfaro et al., 8M6h; Meinhardt et al., 8M6h; 
Wichterle, Lieberam, Porter, & Jessell, 8MM8). 
  
The Hh pathway is complex and many details are not well understood. There are several 
obvious observations that are still waiting to be reconciled with the canonical 
interpretation of the Hh pathway. In this thesis I will provide evidence that addresses the 
function of Ptch6 as a member of a large family of proton-driven antiporters in its role to 
inhibit Smo, and the apparent nature of Shh as a zinc metallopeptidase related to bacterial 
peptidoglycan peptidases.  
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Abstract 
 
Three central cell populations play roles in morphogen action – the cells that produce, the 
cells that distribute, and the cells that respond to the morphogen. Taking advantage of the 
properties of embryonic stem cells to aggregate and readily differentiate into neural 
progenitor tissue, we describe an approach using genetically modified murine stem cell 
lines to individually address the contribution of these cells in the establishment and 
response to a morphogenetic gradient in mosaic spinal cord organoids. 
 
Key Words: Non-cell autonomous Sonic Hedgehog signaling, Genetic mosaicism, Spinal 
cord organoids, Embryonic stem cells, Neural development 
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) Introduction 
 
Sonic Hedgehog (Shh) is a morphogen. Morphogens are critical signaling molecules that 
induce the formation of a pattern in a homogeneous cell population in a concentration 
dependent manner (Andrews, Kong, Novitch, & Butler, 8M6Z). The morphogen 
concentration is proposed to be established by the distribution away from the sites of 
synthesis, resulting in high morphogen concentrations close to the source, and even lower 
concentrations away from the source. Combining this graded distribution of the 
morphogen with certain threshold levels for induction of specific cell types in the 
responding tissue would result in a stereotypic pattern (Kerszberg & Wolpert, 6ZZ\). The 
mechanism by which morphogens are distributed remains contentious, as this might not 
be achieved solely by diffusion. For example, many aspects of morphogenetic signaling in 
Drosophila can be explained by the detection of morphogen on the source cells via cellular 
processes (cytonemes) sent out by the responding cells (Kornberg, 8M6h).  As more distal 
cells are expected to have fewer processes that reach the source than proximal cells, a 
pattern can be generated by a stereotypic response in each cell possibly determined by the 
number of processes that contact the source.  

In the developing vertebrate embryo, Shh is thought to move away from the sites of 
synthesis, thus establishing a gradient away from its site of synthesis. This Shh gradient is 
interpreted by local cells that differentiate into a stereotypic pattern. The mechanism by 
which Shh is transported along the morphogenetic gradient to induce a measured response 
at a distance away from the source field remains poorly understood.  Perhaps not 
surprisingly, several molecular interactions have been described that affect Shh release 
from the source, as well as subsequent distribution and response. Dedicated molecules are 
required for the correct release of Shh from the source cells and several components of the 
extracellular matrix interact with Shh to facilitate or inhibit its distribution as well as affect 
Shh binding to its cognate receptors. 

The establishment of a morphogenetic gradient involves three central events: 6) the 
production of the signaling molecule, 8) the distribution of the morphogen in a gradient 
away from the source, and a) the graded response that results in patterning. In a 
morphogenetic field cells might be involved in more than one of these events 
simultaneously. The independent interrogation of these populations of cells that mediate 
production and transport of, and the response to Shh is critical in the mechanistic study of 
Shh-mediated morphogenesis.  In vitro approaches can address the mechanism how cells 
respond to different concentrations of added morphogen, while in vivo approaches are 
useful in addressing the sufficiency and requirements of signaling molecules in 
morphogenetic signaling. However, both approaches are limited in addressing all aspects 
of the three central functions in parallel. Here, we describe an experimental approach that 
allows the interrogation of cell populations for their role in either production or transport 
of, or the response to Shh. 

 
Using mosaic spinal cord organoids to assess Shh morphogenesis   

We use an approach that employs mosaic spinal cord organoids (SCOs) made by 
aggregating cells with distinct genotypes. Formation of SCOs starts with the generation of 
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embryoid bodies (EBs), each an aggregate of around 6Mh embryonic stem cells. In a 
completely defined and serum free medium these aggregates are differentiated into tissues 
resembling the developing spinal cord, a classic model for Shh morphogenesis (Wichterle, 
Lieberam, Porter, & Jessell, 8MM8). A wealth of markers is available that define many cells 
types that appear at stereotypical positions in relation to the Shh source in response to 
distinct Shh concentrations.  

The aggregation of around 6Mh cells into an EB allows us to mix ESCs with distinct 
genotypes, and even cells with a specific genotype present at only a few percent are reliably 
incorporated into the EBs.  In general, this approach allows us to assess the patterning 
consequences of changing the properties of the Shh source cells, the Shh transporting cells, 
and the cells that respond to Shh. 

 

 
 
Figure ): Diagram of experimental approach. Embryonic stem (ES) cells with distinct genotypes are 
harvested and mixed at appropriate ratios. The resulting aggregates, called mosaic embryoid bodies, contain 
Shh expressing, responding, and transporting cells, and can be differentiated into tissue resembling that of 
the developing spinal cord. 
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B Materials 
 
All tissue culture media should be prepared under sterile conditions in a biosafety cabinet. 

 
B.) Adherent Embryonic stem cell culture 

Culture of ES cells is performed under standard conditions. We have used several lines 
of ES cells without noticeable difference in these aggregation and differentiation 
procedures.  
6. Mouse embryonic stem cells. 
8. Embryonic stem cell medium: DMEM, 8M% FBS, 8 mM L-Glutamine, 6X MEM non-

essential amino acids, 6X nucleosides for ES cells, 6 nM Leukemia Inhibitory Factor 
(LIF), and M.`` µM 8-Mercaptoethanol.  

a. Standard humidified incubator at aUo C and `% CO8. Culture conditions can be 
adjusted for specific cell lines as needed (see Notes )). 

h. Before use, Tissue Culture dishes are treated for at least 6M min with M.6% w/v Gelatin 
in PBS. This solution is aspirated right before adding cells to the wet dish. 

`. M.8`% trypsin with EDTA.  
 

B.B Generation of spinal cord organoids 
6. Sterile PBS. 
8. Cell counter or hemocytometer. 
a. Sterile bacterial grade Petri dishes, or any other “low adherence/hydrophobic” type 

of dish. 
h. DFNB medium: 8`% DMEM, 8`% HAMF68 and `M% Neurobasal medium, 

supplemented with 6.` mM L-Glutamine and 8% (volume) B8U supplement. 
`. Retinoic Acid in DMSO (6M mM). Stock is stable at -8MoC. 
_. Rotating platform in incubator, rotation speed of about _M rpm (6Hz) 
U. Optional: Lineage tracer like DiI/DiO or CMFDA 
\. Conical tubes. 
Z. _Mmm petri dish or _-well plate. 
 

B.R Immunostaining for neural markers 
6. PBS with M.6% Triton X-6MM (PBS-T). 
8. Fixation solution: h% Paraformaldehyde in PBS.  
a. Heat-inactivated goat or donkey serum. 
h. Antibody dilution solution: 6M% Heat-inactivated goat or donkey serum in PBS-T. 
`. Primary antibody solution: Primary antibody of choice diluted at the recommended 

concentration in antibody dilution solution. 
_. Secondary antibody solution: Secondary antibody directed against the host species 

of the primary antibody and coupled to a fluorophore, diluted at the recommended 
concentration in antibody dilution solution. 

U. Mounting medium of choice (see Notes B). 
\. Microscope slides and cover slips. 
Z. 6.` ml centrifuge tubes. 



	 30	

6M. P6MMM pipet.  
66. Pipet tips. 
68. Optional: Nail polish. 

 
B.T LacZ reporter assay for transcriptional response 

6. GalactonTM Light Detection System or other system to measure PtchG:LacZ 
(Goodrich, Milenkovic, Higgins, & Scott, 6ZZU) expression. 

8. Lysis buffer: 6MM mM potassium phosphate pH U.\, M.8 % Triton X-6MM. 
a. PBS. 
h. Microcentrifuge tubes.  
`. Centrifuge. 
_. Bradford reagent diluted 6:` with ultrapure water. 
U. Protein standards (e.g. M.6 – M.` mg/ml BSA). 
\. Z_ well assay plates. 
Z. Luminometer.  
6M. Spectrophotometer. 
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R Methods 
 

R.) Embryonic stem cell culture 
6. Plate approximately 8x6Mh – ax6Mh mES cells/cm8 in tissue culture plates coated with 

gelatin. 
8. Exchange medium every 6-8 days. 
a. Passage cells every other day into a new tissue culture plate (see Notes R) 

   
R.B Generation of spinal cord organoids 

6. Remove cells with the desired genotypes from the tissue culture plates by incubating 
with trypsin for `-6M min, followed by trituration until a single cell suspension 
(assessed by microscopy) is obtained.  

8. Collect the cells in separate conical tubes and wash at least twice with sterile PBS to 
remove any residual medium. Do so by centrifuging (<8M6 x g), aspirating the 
supernatant, resuspending in h-` ml PBS, and centrifuging again.  

a. After washing resuspend the cells in DNFB. 
h. Determine the cell number with a hemocytometer or cell counter.  
`. Optional: Lineage tracing (see Notes T) 
_. Pipet the desired cell number the desired genotypes in the desired ratio into a sterile 

Petri dish (see Table )).  We recommend a total cell number of `MM,MMM for a _M 
mm dish and 8MM,MMM per well of an uncoated (suspension culture) _ well plate (see 
Notes W). This will yield around 6MM EBs.  

U. Add DFNB to a total volume of ` ml for _M mm dishes and 8 ml per well of a _ well 
plate. 

\. Place the dish on a rotating platform inside an incubator and rotate at M.\ to 6 Hz 
(see Notes X).  

Z. Incubate on the rotating platform for h\h. Small aggregates should be visible under 
the microscope after one night of incubation (see Notes Y).  

6M. Optional: If the medium turns yellow, carefully remove about half of the medium 
and replenish with fresh medium. In order to prevent removal of embryoid bodies 
when removing medium, the embryoid bodies can be collected in the middle of the 
plate by gentle swirling. This requires some practice, but collection of the EBs in the 
center of the plate can be easily observed against a black background. 

66. Add 8 µM of Retinoic Acid (`MMMx dilution of 6MmM stock) h\ h after aggregation. 
68. Return plates back on the rotating platform (see Notes Z).  
6a. Incubate until the mosaic SCOs are collected for analysis. Exchange the medium 

(including RA) whenever it turns peach/yellow. Genetically encoded transcriptional 
reporter systems like PtchG:LacZ expression can be measured 8hh-h\h after the 
addition of RA  and immunostaining for neural progenitors h\h-U8h after the 
addition of RA (see Table B). 
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Table ): Composition of mosaic SCOs. Cells in mosaic SCOs can exert desired functions (left column) 
according to their genotype (middle column). The percentages of cells with a specific genotype or function 
in the mosaic SCO is shown in the right column. 

 
 

 
R.R Immunostaining for neural progenitor markers 

6. Incubate the mosaic SCO according to expression time points specified in Table B. 
8. Collect the mosaic SCO in the middle of the plate by gentle swirling and transfer 

them to a 6.` ml centrifuge tube with a p6MMM pipet. 
a. Let the SCOs settle at the bottom of the tube by gravity for 6-8 min and carefully 

aspirate the supernatant (see Notes \).  
h. Add 6 ml of PBS, let SCOs settle, and aspirate supernatant. 
`. Fix SCOs with h% fixation solution in a fume hood for 6M min on ice. The volume of 

fixation solution depends on the number of SCOs but 6MM µl should suffice to cover 
the SCOs.  

_. Gently flick the tube after addition of the fixation solution and after ` min of 
incubation. Do not invert the tube to avoid SCOs being stuck at the wall of the tube! 

U. Remove fixation solution and wash twice with PBS-T. At this point M.6% goat serum 
can be added to prevent sticking and clumping of the SCOs 

\. To block non-specific epitopes, add 6MM µl antibody dilution solution and incubate 
at room temperature for aM min. 

Z. Remove blocking solution and add 6MM µl of primary antibody solution. Incubate for 
at least 6 h at room temperature; an incubation overnight at ho C is recommended.  

6M. Remove primary antibody solution and wash a times with PBS-T. Each wash step 
should be `-6M min. 

66. Add secondary antibody solution and incubate for at least 6 h at room temperature 
in the dark; an incubation overnight at ho C is recommended. 

68. Remove secondary antibody solution and wash a times with PBS-T. Each wash step 
should be `-6M min, and one long wash (> _h) is recommended. 

6a. Wash one last time with PBS, ideally for aM min to 6h (see Notes )]).  
6h. Before mounting, make sure microscope slides are clean and free of dust. Pipet 68 µl 

of mounting medium in a circle on the microscope slide to form a donut shape.  

type genotype
percentage of cells in 
mosaic SCO

source Shh transgene 3-5 %

reporter HB9::GFP

Sim1::mCherry

5-10 %

10 %

Ptch1LacZ/LacZ 20-50 %

intermediate any genotype of 
interest

50-90 %
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6`. “Wash” a pipet tip in heat-inactivated goat/donkey serum to prevent the organoids 
from sticking to the tip. This reduces the number of SCOs getting stuck inside the 
pipet tip while pipetting. 

6_. Transfer aM-`M SCOs into the center of the prepared donut shape of mounting 
medium using the “washed” tip. The volume of transferred PBS should not exceed 
6` µl. 

6U. Gently place a cover slip on top (see Notes ))).  
6\. Remove excessive liquid from the sides of the cover slip. 
6Z. Optional: Seal the cover slips onto the microscope slide with nail polish. This 

reduces evaporation and enables long-term storage of the slides.  
8M. Let the prepared slides dry overnight in a slide folder at room temperature prior to 

microscopy.  
 
 

Table B: Examples of neural markers for immunostaining of SCOs. SCOs start expressing either ventral 
or dorsal markers of neural progenitor cells depending on their genotype and environment. These markers 
can be stained with fluorescently labeled antibodies (or fluorescent reporters) at the indicated recommended 
time points of in vitro culture. 

 
 

 
R.T LacZ reporter assay for transcriptional response 

6. Incubate the mosaic SCOs for a-h days. 
8. Collect the SCOs in the middle of the plate by gently swirling and transfer them to 

a 6.` ml centrifuge tube with a p6MMM pipet. 
a. Let SCOs settle by gravity, aspirate supernatant, and add 6 ml PBS. Let SCOs settle 

again and aspirate supernatant (see Notes \). 
h. Add 6MM µl lysis buffer and break up cells by vigorously pipetting up and down. 
`. Clear lysate of cell debris by centrifugation at maximum speed for a min in a 

microcentrifuge. Transfer supernatant to a new tube (see Notes). 
_. For total protein measurement, pipet 6-a µl of lysate or protein standard into a well 

of a Z_ well plate and add 6MM µl of diluted Bradford Reagent.  

identity neural marker
recommended SCO 
incubation time

ventral Nkx2.2 4 days

Olig2

Isl1/2

4 days

4-5 days

Hb9 5 days

dorsal

Sox2 3 days

4 daysPax7
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U. Read the absorbance of each sample and protein standard at `Z` nm. The amount 
of total protein per sample can be calculated with the help of the protein standard 
curve. 

\. For quantification of PtchG:LacZ expression, follow instructions of the Galacton 
Light Detection Kit for suspension cells and measure PtchG:LacZ expression levels in 
a luminometer.  

Z. The obtained values should be divided by total protein measurement of the same 
sample for normalization.  

 
R.W Examples of mosaic SCOs 

We have successfully used mosaic SCOs to investigate aspects of Shh signaling. We 
showed that cells lacking Ptch6 and Ptch8 facilitate signaling between small fractions of 
Shh producing cells and Shh responding cells (Roberts, Casillas, Alfaro, Jägers, & 
Roelink, 8M6_). Similarly, we showed that the loss of Glypican` in the Shh-transporting 
cells facilitates signaling between fractions of Shh producing cells and Shh responding 
cells (Guo & Roelink, 8M6Z). When using lineage tracing to assess the extent of 
mosaicism, we found that mosaic aggregates had a typical “salt and pepper” distribution 
of cells. In most instances this patter was maintained throughout the experiments, but 
in some cases cells with the same genotype clustered over time (Figure 8B, 8hh). In this 
example Shh-/- cells that also lacked the gene coding for an enzyme involved in 
cholesterol synthesis (ScJd-/-) clustered in a background of PtchGLacZ/LacZ;PtchH-/-;Shh-/- 
cells over a 8hh period. 
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Figure B: Examples of mosaic SCOs. A: Shh-/- SCOs were generated with or without a% of Shh-expressing 
cells (indicated). The presence of the Shh expressing cells (labeled for Shh in green) induces the localized 
expression of the motor neuron marker Isl6 (magenta). B: PtchGLacZ/LacZ;PtchH-/-;Shh-/- mES cells were loaded 
with CellTrackerTM CMFDA (green) dye and Shh-/- (left panel) or Shh-/-;ScJd-/- (bottom row) mES cells with 
CellTrackerTM CMAC (magenta) prior to aggregation. Images were taken at the indicated time points of 
aggregation. Earliest aggregates can be observed approximately 6` h after cells were mixed and placed on a 
rotating platform. 
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T Notes 
 

1. If possible EB culture is performed without antibiotics. 
2. Mounting medium containing DAPI is not recommended. ESCs have a high 

nucleus:cytoplasm ratio, so staining DNA usually provides little information. 
Furthermore, exposure of DAPI to UV light causes it to fluoresce at longer 
wavelengths, often interfering with green fluorescent dyes. 

3. In general, mES cells deposit low amounts of extracellular matrix. We find that re-
plating the cells into the same tissue culture dish for up to ` passages can help in 
adhering the cells. 

4. Lineages should be traced to ensure that cells with different genotypes do not grow 
disproportionally in the SCOs. Ideal are genetically encoded (fluorescent) markers 
but we have achieved satisfactory results with DiI/DiO or short-term CellTrackerTM 
(Thermo Fisher) dyes. Cells can be loaded separately with the dye of choice prior to 
aggregation (between steps h and _). Cells should be incubated at aUoC with DiI/DiO 
for ` min and with CellTrackerTM dyes for aM min and washed at least twice with 
PBS. Re-count cells if necessary. 

5. The total number of cells can be reduced if embryoid bodies clump together or form 
aggregates that are too big.  

6. The frequency of rotation affects clumping and the size of aggregates. Optimization 
is empirical. Larger culture dishes should generally be rotated at a lower frequency 
than smaller ones.  

7. It frequently happens that embryoid bodies clump together or form networks after 
one or two days of incubation. These bigger aggregates can be broken up by 
pipetting up and down or using a razor blade without negatively impacting 
downstream analysis. For prevention of clumps/networks forming see Notes W and 
X. 

8. If needed, embryoid bodies can be incubated without rotation after one night. EBs 
should, however, be dispersed throughout the dish and agitated regularly to prevent 
adhesion to the culture dish and outgrowth of cells. 

9. The “pellet” in the tube is fragile and easily aspirated. Careful removal of medium 
using a disposable transfer pipette is recommended. Centrifugation to collect SCOs 
in a more stable “pellet” is not recommended as this promotes clumping.  

10. As SCOs are three-dimensional objects, antibody diffusivity through the tissue is 
decreased. Longer wash times are therefore recommended to reduce background 
staining. In general, the bigger the SCOs, the longer the washing step should be. It 
is suggested to do the final wash overnight. 

11. Mounted SCOs are easily flattened. For normal analysis this is desired as it 
significantly improves microscopic analysis. However, if analysis of spherical SCOs 
is necessary, use coverslip standoffs, or analyze without coverslips.  
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Abstract 
 
Background: Sonic Hedgehog (Shh) has a catalytic cleft characteristic for zinc 
metallopeptidases and has significant sequence similarities with some bacterial 
peptidoglycan metallopeptidases defining a subgroup within the M6`A family that, besides 
having the characteristic zinc coordination motif, can bind two calcium ions. Extracellular 
matrix (ECM) components in animals include heparan-sulfate proteoglycans, which are 
analogs of bacterial peptidoglycan and are involved in the extracellular distribution of Shh.  
Results: We found that the zinc-coordination center of Shh is required for its association 
to the ECM as well as for non-cell autonomous signaling. Association with the ECM 
requires the presence of at least M.6 µM zinc and is prevented by mutations affecting critical 
conserved catalytical residues. Consistent with the presence of a conserved calcium binding 
domain, we find that extracellular calcium inhibits ECM association of Shh.  
Conclusions: Our results indicate that the putative intrinsic peptidase activity of Shh is 
required for non-cell autonomous signaling, possibly by enzymatically altering ECM 
characteristics. 
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Background 
 
The Hedgehog (Hh) gene was first identified in the Drosophila melanogaster screen 
performed by Christiane Nüsslein-Volhard and Eric Wieshaus in the late 6ZUMs (Nüsslein-
Volhard & Wieshaus, 6Z\M). Like other segment polarity genes found in this screen, Hh 
genes are widely conserved among animals, and mammals have three Hh paralogs that play 
roles in development (Echelard et al., 6ZZa). Like all other Hhs, Sonic Hedgehog (Shh) is 
synthesized as a pro-protein that undergoes autoproteolytic cleavage mediated by the C-
terminal part yielding an N-terminal part (ShhNp) that is the active ligand. Structural 
analysis of ShhN revealed its similarity to zinc-peptidases and Shh coordinates a zinc ion 
with residues H6h6, D6h\, and H6\a (Hall, Porter, Beachy, & Leahy, 6ZZ`). The notion that 
Shh signaled through a peptidase activity was quickly rejected by demonstrating that 
mutation of a critical residue involved in catalysis (E6UU) did not impair the ability of Shh 
to activate the Hh response (Fuse et al., 6ZZZ), and consequently the zinc coordination 
center of Shh is often referred to as its “pseudo active” site (Bosanac et al., 8MMZ; Maun et 
al., 8M6M). Still, a role for the zinc coordination center is supported by the finding that Shh-
E6UUA is unable to mediate non-cell autonomous long-range signaling from the notochord 
to the overlying neural plate (Himmelstein et al., 8M6U). Perhaps unsurprisingly, the zinc-
coordination motif is found mutated in some individuals with the Shh signaling-related 
birth defect holoprosencephaly (Roessler et al., 6ZZ_; Traiffort et al., 8MMh), further 
indicating that the zinc-coordination center of Shh is important for normal function. This 
is consistent with structures of Shh complexed with its receptor Patched6 (Ptch6), showing 
that the N-terminal 88 residues of Shh that are not part of the zinc-coordination motif, 
mediate binding to Ptch6 (Gong et al., 8M6\; Qi, Schmiege, Coutavas, & Li, 8M6\a; Qi, 
Schmiege, Coutavas, Wang, & Li, 8M6\b) and suffice to regulate Ptch6 activity (Tukachinsky, 
Petrov, Watanabe, & Salic, 8M6_).  

Some bacterial species have conserved genes coding for peptidases that coordinate 
zinc and calcium identically to Shh (Rebollido-Rios et al., 8M6h; Roelink, 8M6\). These 
bacterial peptidases (members of the M6`A subfamily of zinc D-Ala-D-Ala 
carboxypeptidases) cleave murein peptidoglycans, suggesting that Shh too might cleave a 
glycan-modified protein, possibly a matrix heparan sulfate proteoglycan (HSPGs). HSPG 
are an integral part of the extracellular matrix (ECM) and play in important role in the 
transport and presentation of several morphogens, including Hhs  (Yan & Lin, 8MMZ). 
Several HSPGs bind Shh and can both negatively and positively affect the Shh response 
(Capurro et al., 8MM\; Carrasco, Olivares, Faunes, Oliva, & Larraín, 8MM`; Guo & Roelink, 
8M6Z; Witt et al., 8M6a). Furthermore, mutations in ExtG and -H coding for 
glycosyltransferases that catalyze glycosaminoglycan addition to the core proteins, disrupt 
Hh signaling in vertebrates (Guo & Roelink, 8M6Z; Siekmann & Brand, 8MM`) and insects 
(Bellaiche, The, & Perrimon, 6ZZ\).  

By mutating residues in the zinc-coordination center that are conserved between 
bacterial Hh-like peptidases and Shh, we provide evidence that this center is required for 
the association of ShhN to the ECM and for non-cell autonomous signaling. Release of Shh 
into the ECM is enhanced in the presence of µM amounts of zinc indicating that this ion is 
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an agonist of Shh. The ECM-associated Shh is active in signaling, indicating that the zinc-
coordination center of Shh mediates its release into the ECM to facilitate non-cell 
autonomous signaling, possibly through an intrinsic metallopeptidase activity of Shh.  
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Results 
 
ShhN associates with the extracellular matrix 
Due to its very high sequence similarity to bacterial murein peptidases (Roelink, 8M6\), a 
conceivable function for the Shh zinc-coordination center could be to modify 
proteoglycans, thereby affecting its extracellular matrix (ECM) association. Cultured cells 
condition their substrate with functional ECM proteins like fibronectin and collagen, at 
least some of which is retained by the substrate after removal of the cells (Hellewell, Rosini, 
& Adams, 8M6U).  Shh has a Cardin-Weintraub motif that mediates binding to heparan 
sulfate in the ECM (Farshi et al., 8M66; Ohlig et al., 8M68), and we assessed ECM-bound Shh 
in the fraction of macromolecules that remain on the tissue culture plate after non-lysing 
cell removal. Hek8Zat cells were transfected with Shh (mutant) constructs and after two 
days the cells were removed by washing with PBS and mild agitation. The cells were then 
collected and lysed with RIPA buffer for protein gel and Western Blot analysis. The tissue 
culture dishes were extensively washed with PBS and remaining material was collected in 
hot SDS using a scraper for further analysis (Hellewell et al., 8M6U). We will refer to this as 
the ECM fraction. Using gel electrophoresis followed by SYPRO Ruby protein staining, we 
detected overall fewer proteins in the fraction remaining in the tissue culture dish (ECM) 
compared to the cell-only fraction (lysate) with a pattern distinct from the lysate indicating 
recovery of extracellular molecules (Figure 6A). Here, we are focusing on the association of 
Shh with the ECM, and in order to circumvent the complexities of Shh maturation and 
secretion (Tian, Jeong, Harfe, Tabin, & McMahon, 8MM`), we used Shh-C6ZZ* (ShhN). This 
form of Shh is active and secreted independent of Disp6 function (Tukachinsky, Kuzmickas, 
Jao, Liu, & Salic, 8M68), and lacks the C-terminal sterol modification. We found that ShhN 
could readily be detected in the ECM extracted from decellularized tissue culture plates. 
(Figure 6B). Visualizing Shh-C6ZZ* by staining of the decellularized plates with the anti-
Shh mAb`E6, “footprints” of Shh producing cells were observed (Figure 6B). Shh-C6ZZ* is 
commonly thought of as a “soluble” protein and also accumulates in the supernatant of 
ShhN-producing cells. The non-homogeneous association with the ECM indicates that 
upon secretion ShhN enters adjacent ECM directly and not via an intermediate soluble 
form as this would result in a homogeneous Shh distribution in the ECM. More ShhN could 
be detected in the ECM than in the cell-only fraction of Shh-CGMM* transfected Hek8Zat 
cells (Figure 6B), showing that entry of ShhN into the ECM is robust. Shh-responsive LightII 
cells plated on the decellularized and ShhN-conditioned ECM showed that it is able to elicit 
a transcriptional Hh pathway response similar to that of ShhN-conditioned medium 
(Figure 6C). Furthermore, wild-type Shh bound to the ECM also activated the Hh pathway 
response in LightII cells (Figure 6D).   
 
Mutations in the Zinc-coordination motif reduce the stability of Shh-C)\\* 
Mutating the residues directly involved in the coordination of zinc are obvious candidates 
to assess a role for the zinc-coordination center. However, Shh mutants in the zinc 
coordination motif could barely be detected as the N-terminal processed form (ShhNp) on 
Western Blots, despite normal detection of the Shh pro-protein (Casillas & Roelink, 8M6\). 
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We and others (Traiffort et al., 8MMh) initially incorrectly interpreted this as a failure of 
auto-processing, but the same low levels were observed analyzing these mutants in Shh-
C6ZZ*. Addition of the proteasome inhibitor MG6a8 (Lee & Goldberg, 6ZZ\) or the inhibitor 
of endosome acidification chloroquine resulted in ShhN accumulation of Shh-C6ZZ*/H6\aA 
(ShhN/H6\aA), possibly indicating a misfolded protein-induced degradation of this mutant 
(Figure 6E). The Dynamin inhibitor Dynasore (that inhibits endocytosis) (Macia et al., 
8MM_) causes strong accumulation of Shh-C6ZZ*, but not of Shh-C6ZZ*/H6\aA, further 
indicating that the destabilization of Shh-C6ZZ*/H6\aA occurs before it reaches the plasma 

Figure ): Active ShhN associates 
with the extracellular matrix.     
A: Lysate and ECM deposited by 
mock and Shh-CGMM*-transfected 
Hek8Zat cells analyzed by SDS-
PAGE and SYPRO-Ruby staining. 
ShhN is indicated. B: Shh-CGMM*-
transfected Hek8Zat cells were 
plated on glass slides and removed 
after 8hh. The slides were stained 
with mAb`E6, showing the presence 
of ShhN. Scale bar is `Mµm. C: 
Supernatant and ECM conditioned 
by Shh-CGMM*-transfected Hek8Zat 
cells. LightII cells were either grown 
on mock or ShhN conditioned ECM. 
Cells grown on ECM deposited by 
mock transfected cell were grown in 
the absence or presence of mock or 
Shh-C6ZZ* conditioned super-
natant. Box and whisker plots, n ≥ a. 
*p<M.M`, ****p<M.MMM6. D: Hh 
response in LightII cells grown on 
the decellularized ECM of mock-, 
Shh-CGMM*-, or Shh-transfected 
Hek8Zat cells. ****p<M.MMM6. E: 
Western blot analysis of HEK8Zat 
cells transfected with the indicated 
Shh mutants. 6MM nM MG-6a8 
(proteasome inhibitor), 6MM nM 
Chloroquine and 6MM nM 
Concanamycin A (inhibitors of 
endosome acidification) were 
assessed for their ability to affect 
Shh accumulation. F: Western blot 
analysis of HEK8Zat cells 
transfected with the indicated Shh 
mutants, and the effects of the 
dynamin inhibitor Dynasore (`M 
µM) was assessed for its effect on 
Shh accumulation. 
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membrane (Figure 6F). We found that other zinc coordination mutations as well as several 
holoprosencephaly-associated point mutations in Shh cause its destabilization, indicating 
a role for increased ShhN degradation in this birth defect (Casillas & Roelink, 8M6\). In 
general, we will not use these mutants with a reduced half-life. 
 
The zinc-coordination center of Shh is required for association with the ECM 
BacHh belongs to a family of metallopetidases that coordinate zinc, and consistent with 
the absolute conservation of the zinc-coordination center, zinc was found in the catalytic 
cleft of Shh (Figure 8A, grey sphere). We hypothesized that occupancy of the zinc-
coordination center is required for normal Shh function. The Kd for zinc binding to Shh in 
the absence of calcium appears to be low (Day et al., 6ZZZ), but DMEM tissue culture 

Figure B: ECM-association of ShhN requires zinc and the catalytic E)YYV residue. A: Diagram of the 
Shh structure (PDB: aD6M) with relevant residues indicated. B: Western blot analysis of the lysate and ECM 
of HEK8Zat cells transfected with Shh-CGMM* and Shh-CGMM*/EGNNV and cultured in DMEM containing M.6\ 
mM calcium and the indicated concentrations of zinc. C: Quantification of band intensities shown in C as a 
fraction of ECM over lysate, normalized to the respective mock treatment. n=8. D: Hh response in LightII 
cells grown on the conditioned and decellularized ECM of Hek8Zat cells transfected with Shh-CGMM* or Shh-
CGMM*/EGNNV. n ≥ a, *p<M.M`, ****p<M.MMM6. 
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medium has no added zinc and is thus expected to have only very small amounts of it. 
While the amount of protein in the lysate of Hek8Zat cells transfected with Shh-CGMM* 
remained relatively unchanged with increasing zinc concentrations, the amount of ECM-
bound Shh-C6ZZ* increased approximately two and a half times with an EC`M between M.6 
and 6 µM zinc (Figure 8B, C). This indicates that there is little effect of zinc on Shh synthesis 
and intracellular stability, but that occupancy of the zinc coordination center enhances 
ECM association. Divalent copper and magnesium failed to increase the amount of ShhN 
in the ECM (Figure S8). Calcium, however, did have an effect consistent with its ability to 
bind to ShhN, and is further addressed below.  
 Besides the zinc coordinating residues, the glutamic acid residue at position 6UU 
(E6UU, mouse numbering) is well-conserved and in close proximity to the zinc-coordinating 
residues (Figure 8A). In Shh-related peptidases the E6UU equivalent is required for catalytic 
activity as it strips a proton from water yielding a reactive hydroxide. The mutants Shh-
C6ZZ*/E6UUA and -/E6UUV are predicted to be able to coordinate zinc but lack the putative 
catalytic activity. Unlike the zinc coordination mutants, we found the Shh-C6ZZ*/E6UUA 
and -/E6UUV mutants to be stable in the lysate (Figure 8B). Shh-C6ZZ*/E6UUV in 
decellularized ECM activated the Hh response in LightII cells to a smaller extend than Shh-
C6ZZ* (Figure 8D). This was likely was caused by lower protein amounts of Shh-
C6ZZ*/E6UUV in the ECM, as we found that the amount of Shh-C6ZZ*/E6UUV in the ECM was 
similar to that of Shh-C6ZZ* under low zinc concentrations but failed to further accumulate 
in the ECM under increasing zinc concentrations. This demonstrates that ShhE6UU is 
required for ECM association (Figure 8B, C), and importantly that the zinc effects are not 
primarily mediated by a Shh-independent zinc sensitive event. These observation supports 
the notion that a catalytic activity intrinsic to Shh is required for its association with the 
ECM.  
 
Mutating residues in the zinc-coordination motif of Shh affect association with 
the ECM 
A second group of conserved residues in the zinc-coordination motif are two histidine 
residues with stacking sidechains, H6a` and H6\6 (Figure aA). These two histidine residues 
are conserved between Shh and BacHhs, but either one can be a tyrosine residue in M6`A 
peptidases, and a tyrosine residue is present in the position homologous to H6\6 in butterfly 
and moth Hhs (e.g. NCBI PCG_ZaM\.6). We mutated either or both histidine residues 
6a`/6\6 into alanine or tyrosine residues (Shh-CGMM*/HGWJYorA, Shh-CGMM*/HGOGYorA) and 
found that these forms of Shh process normally and are stable in the lysate (Figure aC). 
Substituting one or two histidines with tyrosines had little effect on the mutant’s ability to 
elicit a Hh response in LightII cells from conditioned ECM (Figure aB). Alanine 
substitutions reduced the Hh response in the LightII compared to Shh-C6ZZ* (Figure aB). 
Similar to Shh-C6ZZ*/E6UUV, the reduced Hh response coincided with lower protein levels 
in the ECM. Mutants with one or two tyrosine substitutions as well as single alanine 
substitutions could be rescued under high zinc conditions (6, 6M µM) suggesting that 
tyrosine residues, as they are found in butterfly and moth Hhs, are largely synonymous 
mutations. Only Shh-CGMM*/HGWJA/HGOGA poorly associated with the ECM in the presence 
of zinc. We found that all H6a` and H6\6 mutants have a similar EC`M for zinc (Figure aD),  



	 45	

 
 
 



	 46	

Figure R: Stacking histidines of the zinc coordination center affect ECM association. A: Diagram of 
the Shh structure (PDB: aD6M) with relevant residues indicated. B: Hh response in LightII cells grown on the 
conditioned and decellularized ECM of Hek8Zat cells transfected with the indicated Shh-CGMM* constructs. n 
≥ 8, *p<M.M`, ****p<M.MMM6.  C: The effect of mutations of the transition state-stabilizing residues H6a` and 
H6\6 to alanine (A) or tyrosine (Y) on the zinc-dependent accumulation in the ECM was analyzed on a 
Western Blot of the extracted ECM from transfected HEK8Zat cells cultured in M.6\ mM calcium with or 
without 6M µM zinc. D: zinc dose-response analysis of H6a` and H6\6 mutations assessed by Western blot of 
the lysate and ECM of HEK8Zat cells transfected with the indicated mutants and cultured in M.6\ mM calcium 
and increasing concentrations of zinc (M.6, 6, 6M µM). E: Quantification of band intensities shown in D as a 
fraction of ECM over lysate, normalized to the respective mock treatment. n=8. 
 
consistent with the notion that these residues are not directly involved in zinc 
coordination. Together with Shh-CGMM*/EGNNV, our findings using Shh-CGMM*/HGWJA/HGOGA  
further support the notion that the zinc-coordination center of Shh is required for ECM 
association.  
 
The peptidase domain of a BacHh is unable to facilitate ECM association 
The protein sequences of bacterial Hhs (BacHh) are highly similar Shh and all residues of 
the zinc coordination motif are identical. As BacHhs are predicted to be peptidoglycan 
peptidases we tested if this bacterial peptidase activity could substitute for the putative 
peptidase activity intrinsic to ShhN. The conservation between BacHhs and Shh involves 
the calcium and zinc binding motifs, but neither the N-terminal domain that binds to Ptch6 
and Heparan Sulfate (Farshi et al., 8M66), nor the 6M amino acids that follow this domain in 
ShhN. Therefore, we made a construct coding for a chimeric protein consisting of the N-
terminal _` residues of Shh, the conserved calcium and zinc binding motifs of 
Bradyrhizobium paxllaeri BacHh (codon optimized for expression in mammalian cells), 
followed by an HA tag replacing the bacterial stop codon, followed by the last 6M residues 
of Shh up to G6Z\ (Shh/BacHhHA, Figure hA diagram). As a control, we positioned an HA 
tag at the same distance (6M residues) from the C-terminus of Shh-C6ZZ* (ShhHA-C6ZZ*). 
We found that ShhHA-C6ZZ* behaved indistinguishable from Shh-C6ZZ* and entered into 
the ECM and the medium in a zinc-dependent manner (Figure hA). In contrast, although 
readily detected in the lysate, no Shh/BacHhHA was detected in the ECM or the medium 
(Figure hA). We detected similar amounts of GAPDH in the medium as in the cell lysate. 
GAPDH is commonly used as a loading control for intracellular proteins but has also been 
described as a soluble form found in the extracellular compartment (Kunjithapatham et al., 
8M6`). Cell lysis in the tissue culture as an explanation for GAPDH in the medium seems 
unlikely, as no Shh/BacHhHA was detectable in the soluble fraction. As ShhN can be 
internalized by several Shh-binding proteins (Incardona et al., 8MMM; McCarthy, Barth, 
Chintalapudi, Knaak, & Argraves, 8MM8; Wilson & Chuang, 8M6M), we assessed whether the 
chimeric proteins accumulates on the outside of cells with detergent-free, live staining with 
an α-HA antibody prior to fixation of transfected receptor-less (PtchGLacZ/LacZ;PtchH-/-;Boc-/-

;Cdo-/-;GasG-/-) fibroblasts. We found no difference in staining between ShhHA-C6ZZ* and 
Shh/BacHhHA, indicating that Shh/BacHhHA, similarly to ShhHA-C6ZZ*, is being trafficked 
to the plasma membrane (Figure hB). It is not, however, being released from the cell, 
indicating that the bacterial zinc-coordination domain is not sufficient for entry into the 
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ECM. Bradyrhizobium paxllaeri BacHh presumably lacks the specificity for an ECM binding 
partner that is recognized by Shh. These results suggest that the observed presence of Shh 
and ShhN in the decellularized tissue culture plate is due to a precise property of Shh rather 
than simple cell lysis or ShhN-containing cell debris.   
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Figure T: The zinc-coordination domain of BacHh is not sufficient for association with the ECM. A: 
Western Blot analysis of the lysate, ECM, and supernatant of ShhN-HA or Shh-BacHh-HA (diagrams) 
transfected HEK8Zat cultured in the indicated zinc concentrations. B: Detergent-free live staining with an a-
HA antibody (aF6M) of transfected PtchGLacZ/LacZ;PtchH-/-;Boc-/-;Cdo-/-;GasG-/- cells. Nuclei were stained with 
DAPI. 
 
Shh-C)\\* mutants unable to bind calcium remain sensitive to zinc 
The overall structure of ShhN and BacHhs indicate that they consist of a regulatory 
calcium-binding and a catalytic zinc coordinating center (Rebollido-Rios et al., 8M6h), 
making up most of ShhN outside the extreme N-terminal Ptch6-binding domain. With the 
exception of BacHhs, bacterial M6`A metallopeptidases lack the Hh/BacHh-type calcium 
coordination center, and this part is thus unlikely to be required for catalytic function per 
se. We made a Shh-C6ZZ* mutant that lacked all calcium-coordinating residues (Shh-
C6ZZ*/EZMA/EZ6D/DZ_A/E68UA/D6aMN/D6a8L, Shh-C6ZZ*-CaFree) and this form of Shh 
should be unable to bind calcium. After transfection, more ShhN was detected in lysates of 
cells cultured in the presence of higher calcium levels, but that was also observed in the 
Shh-C6ZZ*-CaFree expressing cells, and thus unlikely a direct effect of calcium on Shh 
(Figure `A). Increased amounts of ShhN in the lysate at higher calcium concentrations 
complicated the interpretation of the effects of calcium on ShhN accumulation in the ECM. 
Sill, while ShhN accumulation in the ECM varied with calcium concentrations, that of the 
Shh-C6ZZ*-CaFree mutant remained at the same level, indicating that this mutant is 
insensitive to extracellular calcium as measured by ECM association (Figure `A).  
 

 
 
Figure W: Calcium alters the sensitivity of Shh to zinc. A: Western blot analysis of lysates and ECM of 
HEK8Zat cells transfected with Shh-CGMM*, Shh-CGMM*/EMUA/EMGD/DMPADGWUN/DGWHL, or Shh-
CGMM*/EMUA/EMGD/DMPA/EGHNA/DGWUN/DGWHL (CaFree), cultured in the presence of M.6\ or 6.\ mM calcium, 
and in the absence or presence of ` µM added zinc. B: ECM-associated Shh-C6ZZ*N or Shh-C6ZZ*/CaFree 
deposited by transfected HEK8Zat cells was assessed by ELISA in the presence of .6\ mM calcium (left panel) 
or 6.\ mM calcium (right panel) and increasing zinc concentrations as indicated. Shown are means and 
standard errors, n=_. 
 
One possible mechanism of calcium regulating the transition from a cell- to an ECM-bound 
state would be by affecting zinc coordination, thereby changing its Kd for zinc. We 
therefore tested if the EC`M of zinc is different under high (6.\ mM, the concentration in 
regular DMEM) and low (M.6\ mM, the lowest concentration the cultured cells appeared 
normal) calcium. Under low calcium conditions, the addition of ` µM zinc to the medium 
resulted in increased accumulation of ShhN in the ECM both of Shh-C6ZZ*-CaFree and Shh-
C6ZZ* (Figure `A). This indicates that Shh-C6ZZ*-CaFree is still active and supports the 
notion that calcium binding is not required for Shh distribution. E68U is located at the 
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interface between the calcium and zinc-binding centers of Shh, and we tested if 
restauration of this residue in Shh-C6ZZ*-CaFree affects ECM localization but found little or 
no difference (Figure `A). To better quantify the effect of calcium and zinc on Shh-C6ZZ* 
and Shh-C6ZZ*-CaFree in their ability to accumulate in the ECM we used an indirect ELISA 
protocol directly on the decellularized ECM. HEK8Zat cells were cultured and transfected 
in Z_ well plates and washed off with PBS to allow for subsequent detection of ShhN with 
HRP-linked antibodies. Under low calcium conditions we found that the response to 
increasing zinc concentrations was similar between Shh-C6ZZ* and Shh-C6ZZ*-CaFree 
(Figure `B). For both versions of Shh-C6ZZ*, the EC`M for zinc appeared to be around M.6 
µM. Instantiated in Figure `A and quantified over multiple experiments in Figure `B, it 
appears that Shh-C6ZZ*-CaFree is less efficient in entering the ECM than Shh-C6ZZ*. This 
effect was more profound in the presence of 6.\ mM calcium, and much more Shh-C6ZZ* 
was detected in the ECM than Shh-C6ZZ*-CaFree in the absence of added zinc. The addition 
of zinc had a bigger effect on Shh-C6ZZ*-CaFree than on Shh-C6ZZ*. These results indicate 
that Shh-C6ZZ*-CaFree behaves similarly in high and low calcium and resembles Shh-C6ZZ* 
under low calcium. Thus, whereas the behavior of Shh-C6ZZ* changes as a function of 
calcium, that of Shh-C6ZZ*-CaFree does not, indicating that binding of calcium to Shh alters 
its intrinsic properties as measured by its ECM association. The calcium concentration in 
the endoplasmic reticulum and the Golgi apparatus is variable, with values ranging from 
M.8-6 mM (Alonso, Rojo-Ruiz, Navas-Navarro, Rodríguez-Prados, & García-Sancho, 8M6U). 
These concentrations that Shh encounters in these organelles are within the range in which 
we observe changes in zinc sensitivity of ShhN, consistent with the notion that the activity 
of ShhN could be regulated by calcium.  
 
Distribution of cholesterol-modified ShhNp in the ECM differs from cholesterol-
unmodified ShhN but remains zinc sensitive  
While ShhN could readily be detected in the ECM of Hek8Zat cells, ShhNp was poorly 
detectable on Western Blots of the ECM fraction of Hek8Zat cells. We therefore turned to 
staining of decellularized ECM of our line of fibroblasts lacking Shh binding partners 
(PtchGLacZ/LacZ;PtchH-/-;Boc-/-;Cdo-/-;GasG-/-) that were found to accumulate ShhNp in the 
ECM to comparable levels as ShhN, presumably due to a failure to re-internalize ShhN(p) 
(Figure _A and B). Staining for Shh on decellularized plates showed that ShhN was present 
in small puncta that gave a cloudy appearance at lower magnifications, whereas 
cholesterol-modified ShhNp was detected in larger puncta in more restricted areas (Figure 
_A). ` µM zinc increased ShhN and ShhNp association with the ECM as measured by 
fluorescence intensity across the entire image area (Figure _B). The effects of zinc on Shh 
distribution in the presence of 6.\ mM calcium was much less pronounced, further 
supporting the finding that high calcium negatively affects the zinc-dependent activity of 
Shh. 

To assess if the observed effects require the zinc-coordination center of Shh we 
tested Shh-E6UUV, and -H6\6Y for their ability to associate with the ECM. Consistent with 
the biochemical observations using Shh-C6ZZ* (Figures 6, 8, a), we could barely visualize 
ShhE6UUV in the ECM (Figure _B). In contrast, ShhH6\6Y distribution into the ECM was 
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indistinguishable from Shh, further indicating that this “butterfly version” of Shh is 
functional (Figure _B).  
 

Figure X: Cholesterol-
modified ShhNp associates 
with the ECM in a zinc and 
peptidase-dependent 
manner. A: In situ staining with 
anti ShhN  mAb`E6 of ECM 
deposited by PtchGLacZ/LacZ;PtchH-

/-;Boc-/-;Cdo-/-;GasG-/- cells that 
were transfected with Shh or 
Shh-CGMM* in the presence or 
absence of ` µM zinc and 
presence of M.6\ mM calcium. B: 
Quantification of ECM-bound 
Shh shown in A. Box and 
whisker plots of mean 
fluorescence intensity per image 
of 6M microscope fields per 
experiment was measured in 
ImageJ and normalized to the 
ECM of mock transfected cells. 
n=a, ****p<M.MMM6. ). C: LightII 
cells co-cultured with Shh-CGMM* 
and Shh-CGMM*/EGNNV 
transfected PtchGLacZ/LacZ;PtchH-/- 
fibroblasts in the presence of 
M.6\ calcium and the indicated 
zinc concentrations. Responses 
were normalized to Shh-C6ZZ* 
with 6.\ mM calcium and no 
zinc. Shown are means and 
standard errors of a independent 
experiments. *p<M.M`, **p<M.M6. 
D: HEK8Zat cells transfected 
with Shh-CGMM* and Shh-
CGMM*/HGWJA/HGOGA were 
incorporated into spinal cord 
organoids otherwise consisting 
of PtchG+/LacZ;Shh-/- stem cells 
were assessed for LacZ 
induction. n=h, ****p<M.MMM6.  
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Mutations in the putative peptidase domain reduce non-cell autonomous 
signaling 
To test if the increased accumulation of Shh in the ECM is correlated with the non-cell 
autonomous signaling efficacy, we assessed the signaling activity of ShhN expressing cells 
embedded in three-dimensional cell aggregates of responding cells (Figure UA). Live 
staining with `E6 prior to fixation and cell permeabilization showed that ShhNp and 
ShhC6ZZ* were detected around a large proportion of cells in transfected Hek8Zat 
aggregates. In mixed aggregates consisting of \M% Hh-responsive PtchGLacZ/+;Shh-/- mouse 
embryonic stem cell (mESC) reporter cells and 8M% transfected Hek8Zat cells, we observed 
that both Hek8Zat-derived ShhNp and Shh-C6ZZ* induced the Shh response (Figure UB). 
Shh peptidase mutants (Shh-E6UUV and Shh-H6a`A/H6\6A) failed to elicit a Hh-response, 
further supporting the notion that the peptidase activity is required for non-cell 
autonomous signaling. The pattern of Shh extracellular distribution was similar for Shh 
and Shh-E6UUV as seen in detergent-free live staining with `E6, although slightly weaker 
staining for Shh-E6UUV was observed. In a more stringent non-cell autonomous assay, 
aggregated of transfected Hek8Zat cells were co-cultured with aD spinal cord organoids 
(SCOs) derived from the mESC PtchGLacZ/+;Shh-/- reporter cells. Whereas the Hh response to 
ShhNp was below detection level in this assay, Shh-C6ZZ* induced the Shh response in 
reporter cells (Figure UC), likely via a soluble form of ShhN. Putative peptidase mutants 
failed to show any activity in this assay, further supporting the idea that an intact zinc-
coordination center of Shh is necessary to mediate the release from Shh-producing cells 
and consequently, the facilitation of long-range signaling. 
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Figure Y: The zinc coordination center of Shh is required for long-range signaling. A: Experimental 
setup and immunofluorescent staining of Shh-expressing Hek8Zat aggregates. Hek8Zat cells were transfected 
with Shh or Shh-CGMM*, washed off the culture dish with PBS and placed on a rotating platform in DMEM 
without serum for 8 days, followed by live staining with `E6. B: Experimental setup: Hek8Zat cells were 
transfected with Shh-constructs, washed off the culture dish with PBS, and mixed with mESC PtchGLacZ/+;Shh-

/-  reporter cells in a 6:h ratio. Chimeric aggregates were then formed on a rotating platform in the absence of 
serum. The Ptch6:LacZ expression was measured after a days and normalized to total protein content. C: 
Ptch6:LacZ expression in chimeric aggregates in response to the indicated versions of Shh expressed by 
Hek8Zat cells. Box-and-Whisker plot, n=8. *p<M.M`, **p<M.M6, ****p<M.MMM6. D: ̀ E6 live staining of Shh in the 
chimeric aggregates described in B and C. E: Experimental setup: Hek8Zat cells were transfected with Shh-
constructs, washed off the culture dish with PBS, and incubated on a rotating platform. Separate mESC 
PtchGLacZ/+;Shh-/-  reporter aggregates were added to the dish in a 6:h ratio and Ptch6:LacZ expression in mESCs 
was measured after a days. F: Ptch6:LacZ expression normalized to total protein in mESC aggregates co-
cultured with Shh-expressing Hek8Zat aggregates. Box-and-Whisker plot, n=h, ****p<M.MMM6. 
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Discussion 
 
Here, we provide evidence for a function of the zinc-coordination center of Shh for the 
association of Shh to the ECM and non-cell autonomous signaling. The zinc coordination 
domain of Shh appears to be involved as µM amounts of zinc are required for ECM 
association, while mutants in the zinc coordination domain are insensitive to zinc in the 
medium and have reduced activity in non-cell autonomous signaling. The observation that 
Shh-E6UUA is unable to mediate signaling from the notochord to the overlying neural tube 
(a textbook example of non-cell autonomous Shh signaling), but is fully capable to induce 
the Hh response when expressed in the developing neural tube (likely cell-autonomously) 
(Himmelstein et al., 8M6U), provides in vivo evidence that the zinc-coordination domain of 
Shh is required for non-cell autonomous signaling, although not for the productive binding 
of Shh to its cognate receptors. The initial experiments that demonstrated that E6UU is 
dispensable for the activation of the Hh response is easily explained as this mutant ligand 
was added to the responding cells as a purified and soluble fraction (Fuse et al., 6ZZZ), thus 
bypassing the requirement for the function of the zinc-coordination domain. This is further 
supported by structural analysis of the Ptch6/Shh complex demonstrating that the extreme 
N-terminus of Shh interacts with Ptch6 (Gong et al., 8M6\; Qi, Schmiege, Coutavas, & Li, 
8M6\a; Qi, Schmiege, Coutavas, Wang, & Li, 8M6\b) and suffices to alter Ptch6 activity 
(Tukachinsky et al., 8M6_). These observations further demonstrate the dispensability of 
the zinc-coordination domain to activate the Shh response in the responding cell.  
 
Do Bacterial Hhs and Shh share a peptidase activity? 
Our observations indicate that Shh distribution away from the sites of synthesis and non-
cell autonomous Shh signaling can be enhanced under low-calcium and high zinc 
conditions. The surprising sequence similarity between bacterial and mammalian 
Hedgehog proteins strongly suggest they have similar functions. The organization of 
bacterial genomes into operons helps in the assignment of possible functions of unknown 
proteins. The suggested role of BacHh (as a M6`A peptidase (Rawlings & Barrett, 8M6a)) in 
the modification of the bacterial peptidoglycans is further supported by the observation 
that in Mesorhizobium and Bradyrhizobium the BacHh gene is surrounded by genes (likely 
constituting an operon) that code for proteases, including lysozyme, N-acetylmuramoyl-L-
alanine amidase, a peptidoglycan endopeptidase (peptidase M8aA), several Trypsin 
homologs (peptidase S6), a zinc Matrix Metalloprotease (MMP) homolog (peptidase M`h), 
an endonuclease, peptidase S`a, and possibly a Phytase (DUFa_6_). This complex of 
enzymes might be involved in bacterial feeding or scavenging. BacHhs in Rhizobiacea are 
not part of the core genome (González et al., 8M6Z), as the majority of these bacteria do not 
carry BacHh, a further indication that BacHhs provide a niche-specific specialized function. 
 
Possible mechanisms of catalysis of zinc peptidases have been elucidated with the help of 
structural models of enzyme-inhibitor complexes. Thermolysin is a well-studied zinc 
metallopeptidase structurally related to Shh (Hall et al., 6ZZ`; Rebollido-Rios et al., 8M6h). 
Shh and Thermolysin coordinate zinc via two histidine and an aspartic acid residue. A 
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catalytic glutamic acid residue initiates catalysis (E6UU in mouse Shh) by accepting a proton 
from water to form the nucleophilic hydroxide that attacks the carbonyl carbon, further 
stabilized by the coordinated zinc. With the two stacking histidine (or occasionally 
tyrosine) residues a pentacoordinate transition state is formed and resolved into the 
hydrolyzation products (Matthews, 8MM8; Tronrud, Roderick, & Matthews, 6ZZ8). 
 
M6` peptidases cleave peptidoglycans, the major component of the bacterial periplasmic 
space, and a major component of detritus. Peptidoglycans are analogs of proteoglycans that 
are common in extracellular matrix (ECM) of animals. Therefore, it is possible that 
functional conservation between BacHhs and Shh is reflected in the ability of Shh to cleave 
or modify proteoglycans, thus affecting the Shh response and/or distribution, independent 
of its binding to the canonical Hh receptors. Although any Shh antagonist could be a 
possible target for the putative Shh peptidase activity, the Hh-interacting protein (Hhip) is 
an unlikely candidate as it binds to Shh via the zinc ion, thereby replacing the catalytic 
water. This mode of binding is akin to that of a metalloprotease/inhibitor interaction 
(Bosanac et al., 8MMZ), and thus likely to inhibit the putative catalytic function of Shh 
instead of being a substrate. The targets for penicillin and related antibiotics are 
peptidoglycan peptidases, leaving open the development of nM drugs that inactivate the 
peptidase activity of Shh, and thus be powerful inhibitors of non-autonomous Shh signaling 
that underlies several cancers.  
 
Are Hhs proteoglycan peptidases? 
Hedglings and Hedglets are related to Hhs, and the conserved domains possibly 
homologous. All animals that have Hedglet also have a Hh gene and it is thus plausible that 
Hedglets are derived from Hh. Hhs are not found in any eukaryote except cnidarians and 
bilaterians. The distribution of Hedgling and Hhs only overlaps in cnidarians, but Hedgling 
can also be found in sponges and choanoflagellates (Figure S6). This suggests two 
evolutionary events giving rise to these proteins; one occurring in a Choanoflagellate 
ancestor that originated the gene coding for Hedgling, and an independent event in a 
Cnidarian ancestor that gave rise to modern Hh. The absence of both Hedgling and Hh 
from algae, plants, fungi, in addition to almost all unicellular eukaryotes makes it unlikely 
that both Hh and Hedgling linearly evolved from a BacHh protein that could have been 
present in the Ur-eukaryote, but more likely are products of more recent gene transfers 
from bacteria. The distribution among eukaryotes of Glypicans and Hs is overlapping, and 
both are first observed in Cnidarians and present in all bilaterians. A more recent 
evolutionary relationship between BacHh and Hhs is further supported by the observation 
that the C-terminal residue of many BacHhs perfectly aligns with the exon 8 splice donor 
site in Hh genes, thereby providing a parsimonious explanation how a BacHh gene was 
incorporated in a eukaryotic genome giving rise to Hh. This is in contrast to the much less 
conserved Hh domain in Hedgling that is encoded within a single large exon. Given the 
central role of Gpcs in the distribution of and response to Hhs (including Shh), Glypicans 
and Hhs might have co-evolved possibly as a peptidase/substrate combination, co-opting 
the peptidoglycan activity of BacHhs to cleave the proteoglycan Glypican. Shh binds 
heparan sulfate (HS), the O-linked glycosaminoglycan sidechain of Gpcs and other 
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proteoglycans (Esko & Selleck, 8MM8), via the N-terminal Cardin-Weintraub motif, which 
plays a crucial role in the release of Shh from the producing cell (Farshi et al., 8M66). 
Although HS is thought to merely aid in scaffolding of a release complex (Jakobs et al., 
8M6_; 8M6U), our results could hint to an additional role for HS in guiding Shh to its 
peptidase target. 
 
Hh-like bacterial peptidases (M6`A) are predicted to be carboxy(trans)peptidases, cleaving 
adjacent to the D-ala that is linked to the murein glycans (Bochtler, Odintsov, Marcyjaniak, 
& Sabala, 8MMh; Vollmer & Bertsche, 8MM\). By analogy, Shh might cleave an unusually 
modified C-terminal residue. It is intriguing that the C-termini of Glypicans are linked to 
the GPI anchor that restricts them to the cell surface (Filmus, Shi, Wong, & Wong, 6ZZ`). 
Solubilization of Shh-sequestering glypicans by GPI removal would elegantly reconcile the 
observed peptidase-dependent entry of Shh into the ECM with the important effects of 
glypicans on Shh signaling and distribution. If Shh remains attached to its potential 
substrate after cleavage and enters the ECM in a complex or alone remains unresolved.  
 
Drosophila is the exception 
It is perhaps unfortunate that Hh was discovered in Drosophila, as of all animals sequenced, 
only Hh in Drosophilids is divergent for two of the three residues that coordinate zinc and 
has a valine residue at the equivalent position of the critical E6UU. The predicted lack of 
peptidase activity in Drosophilid Hhs is remarkable and further supports the observation 
that the putative peptidase activity is not required for the Hh/receptor interaction. Perhaps 
stricter reliance on cytonemes in Drosophila that detect Hh at its source (Huang, Liu, & 
Kornberg, 8M6Z) renders the ancestral peptidase activity obsolete. Nevertheless, this loss of 
the putative peptidase activity is unique to Drosophilids, as all other (sequenced) animals 
retain the typical zinc coordination motif and the associated E6UU equivalent that are 
required for catalytic activity. Based on the loss-of-function of several mutants, this 
intrinsic property is likely a zinc metallopeptidase activity, just like the bacterial 
counterparts of Shh. Still, the observation that substitution of the Shh calcium/zinc 
sequences with those of BacHh results in a protein that does not enter the ECM, indicates 
that their substrates are not interchangeable.  
 
Is Shh oligomerization preventing ECM association? 
The zinc coordination center of Shh and in particular E6UU are disadvantageous for Shh 
multimerization (Himmelstein et al., 8M6U). Zinc prevents oligomerization and we find that 
zinc is a potent agonist of ECM association and putative peptidase activity. Furthermore, 
while the E6UUA/V mutant prevents ECM association it enhances oligomerization 
(Himmelstein et al., 8M6U). These observations are consistent with the idea that the putative 
peptidase activity of Shh prevents or reverts multimerization. This notion is further 
supported by the structural observation that the cholesterol-modified C-terminus is in 
close proximity to the zinc coordination center, raising the hypothesis that Shh could have 
intermolecular autoproteolytic activity that prevents oligomerization (Hall et al., 6ZZ`). 
Indeed, multimer size has been reported to be negatively correlated with long-range 
signaling activity of Shh (Feng et al., 8MMh). This observation could explain why cholesterol-
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unmodified Shh-C6ZZ*, which would be expected to form multimers less efficiently due to 
the absence of cholesterol, is more readily detectable in the ECM of transfected Hek8Zat 
cells and is an efficient non-cell autonomous ligand. Although an inter- or intramolecular 
autoproteolytic activity has not been demonstrated for ShhNp, many peptidases are 
produced as pro-proteins that undergo either an intra- or intermolecular activation event. 
The intramolecular activation events are often auto-catalyzed by the intrinsic peptidase 
domain (Bitar, Cao, & Marquis, 8MM\). If Shh has retained these bacterial characteristics it 
is possible that the autocatalytic de-oligomerization event results in a form of ShhN with a 
peptidase activity that can modify ECM components.  In addition, Shh is subject to further 
N-terminal processing, or “shedding”, prior or concomitant to its release from the cell 
(Dierker, Dreier, Petersen, Bordych, & Grobe, 8MMZ), but this event can be mediated by a 
family of zinc-metalloproteases called a disintegrin and metalloprotease (ADAM), in 
concert with the scaffolding protein Scube8 (Jakobs et al., 8M6h). These metalloproteases 
share overlapping functions and are therefore sufficient, but not essential, for Shh shedding 
(Kheradmand & Werb, 8MM8), hinting at the variety of paths Shh can go to enter the 
extracellular space. 
 
Although mutations of the central zinc coordinating triad are unstable and thus cannot be 
easily assessed for loss of peptidase function, mutations of several other catalytically 
important residues (E6UU, H6a` and H6\6) are not destabilized and show a loss in the ability 
of Shh to enter the ECM. Together with the observation by Himmelstein and colleagues 
(Himmelstein et al., 8M6U) that ShhE6UUA cannot signal from the notochord to the overlying 
neural plate strongly supports the idea that a Shh-associated peptidase activity is required 
for non-cell autonomous signaling by promoting its distribution away from the source cells. 
Our findings challenge the dogma of the so called “pseudo catalytic domain”, and we 
provide a function for the apparent peptidase activity intrinsic to ShhN. None of our 
observations are in conflict with previous reports, as we confine the activity of the Shh-
associated peptidase upstream of the interaction between Shh and its receptors. 
 
Conclusions 
Our observations support the notion that the remarkable sequence similarity between the 
BacHhs and Shh reflects to a conserved function as a glycopeptidase. All ShhN mutants 
that are predicted to abolish its intrinsic peptidase activity fail to bind to the ECM and have 
an impaired ability to signal non-cell autonomously. However, BacHh cannot mediate the 
activities of ShhN, indicating that the substrates for BacHh are not conserved in metazoans. 
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Material and Methods 
 
Sequence analysis 
Bacterial Hedgehogs, Hedglings and Hedglets were identified via protein-protein BLAST 
(NCBI) and HMMER (ensemble) searches (Gish & States, 6ZZa) using the peptide sequence 
of the Shh N-terminal domain as the initial query sequence. Conserved sequences were 
manually curated to contain only the calcium and zinc coordination motifs (around 6M` 
residues). Sequences (supplemental file) were aligned in Clustal Omega (EMBL-EBI). An 
average distance tree and a PCA plot were generated in Jalview (Waterhouse, Procter, 
Martin, Clamp, & Barton, 8MMZ), using the BLOSUM_8 algorithm. Visualizations of the 
ShhN structure were generated in UCSF Chimera using Protein Database (PDB) ID aD6M 
(McLellan et al., 8MM\). 
 
Materials 
MG-6a8 and Concanamycin A were from Calbiochem, Chloroquine and ZnCl8 from Sigma, 
CaCl8 from Fisher Scientific, and Dynasore from Abcam. 
 
Cell culture 
PtchG-/-;PtchH-/-  fibroblasts  were derived from mouse embryonic stem cells and are 
described elsewhere (Casillas & Roelink, 8M6\) . All cells were cultured in DMEM 
(Invitrogen) supplemented with 6M% FBS (Atlas Biologicals). Mouse embryonic stem cells 
were cultured in DMEM (Invitrogen) supplemented with 8M% FBS (Atlas Biologicals), 8 
mM L-Glutamine (Gibco), 6X MEM non-essential amino acids (Gibco), M.MM6% 8-
Mercaptoethanol (Gibco), and M.MM6% Leukemia Inhibitory Factor (LIF). Cells were 
transfected using Lipofectamine8MMM reagent (Invitrogen) according to the manufacturer’s 
protocol. 
 
DNA constructs 
The following mutations were created via site-directed mutagenesis: Shh-CGMM*/EGNNV, 
Shh-CGMM*/HGWJA, Shh-CGMM*/HGWJY, Shh-CGMM*/HGOGA, Shh-CGMM*/HGOGY, Shh-
CGMM*/HGWJA/HGOGA, Shh-CGMM*/HGWJY/HGOGY, Shh-CGMM*/EMUA/EMGD/DMPA/DGWUN/ 
DGWHL, Shh-CGMM*/EMUA/EMGD/DMPA/EGHNA/DGWUN/DGWHL. Bradyrhizobium paxllaeri 
BacHh (EnsemblBacteria: LMTR86_a\8\M, NCBI: WP_M_`U`_MU\.6) was codon optimized 
for eukaryotic expression using the IDT DNA Codon Optimization Tool, ordered as a 
gBlocks gene fragment from IDT DNA, and cloned into pcDNAa.6(+). Both the Shh-CGMM* 
vector backbone including the Shh N- and C-terminus as well as the calcium and zinc 
coordination motifs of Bradyrhizobium paxllaeri BacHh were PCR amplified, separated on 
a 6% agarose gel, and extracted with MinElute columns (QIAGEN). The fragments were cut 
with BsaI and ligated with Th DNA ligase according to the Golden Gate cloning protocol 
(New England Biolabs). 
 
Immunostaining 
PtchG-/-;PtchH-/- fibroblasts were plated on 68mm glass cover slips and transfected with Shh-
CGMM* the following day and subsequently allowed to recover for 8hh. The transfected cells 
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were then incubated for 8hh in serum-free DMEM containing varying concentrations of 
CaCl8 or ZnCl8, the cells were detached from the cover slip with PBS. The cover slips were 
washed with PBS at least ` times and blocked with 6M% heat-inactivated goat serum in PBS 
with M.6% TritonX (PBS-T). Mouse α-Shh (`E6, Developmental Studies Hybridoma Bank) 
was used at 6:aM in blocking solution and goat α-mouse Alexa`_\ secondary antibody 
(Invitrogen) at 6:6,MMM in blocking solution. Shh distribution was visualized with a Zeiss 
Observer at 6Mx and _ax magnification.  
For live staining, transfected cells were incubated in serum-free medium for 8Mh. An α-HA 
antibody aF6M (Sigma) was added for another h hours (6:6,MMM) before cells were fixed with 
h% PFA in PBS and blocked in 6M% heat-inactivated goat serum in PBS. A goat α-rat 
Alexah\\ secondary antibody (Invitrogen) was used at 6:6,MMM in blocking solution and 
nuclei stained with DAPI.  
 
Western Blot/SYPRO ruby staining 
Hek8Zat cells were plated in 68 well plates and transfected with Shh mutants as indicated 
the next day. 8hh after transfection, the medium was switched to serum free DMEM with 
the indicated calcium and zinc concentrations overnight. Cells were then detached from 
the plate with PBS and lysed in a microcentrifuge tube with RIPA buffer (6`M mM NaCl, `M 
mM Tris-HCl, 6% Igepal, M.`% Sodium Deoxycholate, and protease inhibitors). The lysate 
was incubated for aM min on ice and cleared by centrifugation. For isolation of ECM-bound 
Shh, the decellularized tissue culture dish was washed with PBS and deionized water at 
least ` times and scraped with a cell scraper and `X SDS sample buffer heated to Z`oC, as 
described (Hellewell et al., 8M6U). A fifth of the sample was run on a 68% SDS-PAGE gel and 
transferred to a M.h`µ nitrocellulose membrane. Membranes were blocked in `% milk in 
Tris-buffered saline with M.6% Tween-8M (TBS-T) and incubated with a polyclonal rabbit 
α-Shh antibody (H8, 6:6M,MMM) (Roelink et al., 6ZZ`) in blocking solution, followed by 
incubation with a goat α-rabbit Alexa_hU secondary antibody (Invitrogen, 6:6M,MMM) in 
blocking solution. GAPDH was used as a loading control (Rabbit α-GAPDH, 6hC6M, Cell 
Signaling Technologies). Western Blots were visualized with a ChemiDoc visualization 
system (Bio-Rad).  
Alternatively, the SDS-PAGE gel was stained with SYPRO-Ruby gel stain (Thermo-Fisher) 
according to the manufacturer’s instructions and visualized with a ChemiDoc visualization 
system (BioRad).  
 
ELISA 
Hek8Zat cells were plated in Z_ well plates and transfected with Shh-CGMM* and Shh-
CGMM*/EMUA/EMGD/DMPA/EGHNA/DGWUN/DGWHL in triplicates the next day. 8h h after 
transfection, the medium was replaced with DMEM containing M.6\ mM or 6.\ mM Calcium 
and Zinc concentrations ranging from M.MM6 to 6 µM for h\ h. The cells were removed from 
the plate with PBS and deionized water. The plates were blocked with PBS + `% heat-
inactivated goat serum, incubated with mAB`E6, followed by an HRP conjugated α-mouse 
secondary antibody (Invitrogen). Western-Lightning Plus-ECL (Perkin Elmer) was added 
to the wells and luminescence was measured in a Wallac Victora plate reader (Perkin 
Elmer).  
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ECM signaling assay 
Hek8Zat cells were plated in 8h well plates and transfected with the indicated Shh-CGMM* 
variants the next day. 8hh after transfection, cells were washed off with PBS and each well 
washed with PBS extensively to remove residual cells. LightII reporter cells (Taipale et al., 
8MMM) were added and the medium was switched to DMEM as soon as the cells were 
adherent. h\h later, the cells were lysed and luciferase activity was measured using the 
Dual Luciferase Reporter Assay System (Promega). Firefly luciferase measurements were 
normalized against Renilla luciferase measurements for each technical replicate to control 
for differences in cell growth. Firefly/Renilla luciferase values were then normalized to the 
mock control average for each experiment. 
 
Non-cell autonomous signaling assays 
For the non-cell autonomous signaling assay in chimeric three-dimensional aggregates, 
Hek8Zat cells were plated in 68 well plates and transfected with Shh-CGMM* constructs the 
next day. 8hh after transfection, cells were washed off the culture dish with PBS and mixed 
with four times as many mESC PtchGLacZ/+;Shh-/-  reporter cells in non-treated tissue culture 
plates. Cells were placed in DFNB medium on a rotating platform at 6 Hz for h\h and 8 µM 
Retinoic Acid (RA) was added for another h\h. The cells were then collected, washed once 
in PBS, and lysed in 6MM mM potassium phosphate, pH U.\, M.8% Triton X-6MM. The lysates 
were cleared by centrifugation and 8M µl analyzed in triplicates for Ptch6:LacZ expression 
using the Galacto-Light chemiluminescent kit (Applied Biosciences). Lysates were 
normalized for total protein using the Bradford reagent (BioRad). 
For the long-range signaling assay, Hek8Zat cells were plated in 68 well plates and 
transfected with the indicated Shh-CGMM* constructs the next day. 8hh after transfection, 
cells were washed off with PBS and collected in a conical tube. Aggregates were allowed to 
form for h\h in DFNB medium in non-treated tissue culture plates rotated at 6 Hz. 
Similarly, four times as many mESC PtchGLacZ/+;Shh-/-  reporter cells as Hek8Zat cells were 
aggregated in DFNB medium for h\h rotated at 6 Hz. Hek8Zat aggregates and 8 µM 
Retinoic Acid (RA) were added to the mESC organoids for another h\h. Ptch6:LacZ 
expression was measured as described above. 
 
Genome editing 
PtchGLacZ/LacZ;PtchH-/-;Boc-/-;Cdo-/-;GasG-/-;Shh-/- were derived from PtchGLacZ/LacZ;PtchH-/--;Shh-

/-  cells (Roberts, Casillas, Alfaro, Jägers, & Roelink, 8M6_). TALEN constructs targeting the 
first exon of mouse Cdo and GasG were designed and cloned into the pCTIG expression 
vectors containing IRES puromycin and IRES hygromycin selectable markers (Cermak et 
al., 8M66). The following repeat variable domain sequences were generated: Cdo, `’ TALEN: 
NN HD NI NG HD HD NI NN NI HD HD NG HD NN NN ; a’ TALEN: HD NI HD NI NI NN 
NI NI HD NI NG NI HD NI NN; Gas6, `’ TALEN: NN NI NN NN NI HD NN HD HD HD NI 
NG NN HD HD; a’ TALEN: NN NN NI NI NI NI NN NG NG NG NN NG HD HD NN NI. 
Two CRISPR constructs targeting a double strand break flanking the first exon of mouse 
Boc were cloned into pSpCasZ vector with an IRES puromycin selectable marker (Ran et 
al., 8M6a). The Boc CRISPRs targeted the following forward genomic sequences (PAM 
sequences underlined): Upstream of first exon `’ CCTGTCCTCGCTGTTGGTCCCTA a’; 
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Downstream of first exon `’ CCCACAGACTCGCTGAAGAGCTC a’. PtchGLacZ/LacZ;PtchH-/-

;Shh-/- mouse embryonic stem cells (Roberts et al., 8M6_) were transfected with _ genome 
editing plasmid. One day after transfection, ES medium with 6MM µg/mL hygromycin and 
M.` µg/mL puromycin was added for h days. Surviving mESC colonies were isolated, 
expanded and genotyped by sequence PCR products spanning TALEN and CRISPR-binding 
sites. PCR screening was performed on cell lysates using primers flanking the TALEN or 
CRISPR binding sites for the Boc, Cdo, and GasG loci. Boc, (`’) 
CATCTAACAGCGTTGTCCAACAATG and (a’) CAAGGTGGTATTGTCCGGATC; Cdo, (`’) 
CACTTCAGTGTGATCTCCAG and (a’) CCTTGAACTCACAGAGATTCG; Gas6, (`’) 
ATGCCAGAGCTGCGAAGTGCTA and (a’) AGCGCCTGCCAGCAGATGAG. PCR products 
were sequenced to confirm allele sequences. A PtchGLacZ/LacZ;PtchH-/-;Boc-/-;Cdo-/-;GasG-/-;Shh-

/- mESC clone was identified harboring a `M bp deletion in Cdo exon 6, a heteroallelic h\M 
bp insertion and a 8MM bp deletion in Gas6 exon6 resulting in a premature stop codon in 
the reading frame, and a h`M bp deletion of Boc exon 6. These cells were transfected with 
LargeT and myc, and deprived of Lif to generate immortalized fibroblasts. 
 
Data Analysis: Single Factor ANOVA was used to analyze more than two conditions, 
followed by a Student’s t-test with a two-tailed distribution assuming unequal variance 
comparing two conditions. *p<M.M`, **p<M.M6, ***p<M.MM6, ****p<M.MMM6.  
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Supplemental Figure ) 
 

 
Figure S). Sequence similarities between Hh, Hedgling, and Hedglet. A: a similarity tree of Hh 
sequences encompassing the calcium and zinc coordinating motifs. All Hhs are closely related and root 
from within the BacHhs. Hedglings (present in Choanoflagellates, Sponges, and Cnidarians) and 
Hedglets (present in Lophotrochozoans, Amphioxus and Echinoderms) form outgroups, but all are 
related to bacterial M6` peptidases. Organisms in the same phylum or clade are color coded, and 
common names of the organisms are used. Sequences and accession numbers can be found as a 
supplemental file.  Hedglings and Hedglets (red borders) are predicted to be unable to mediate catalysis. 
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B: PCA plot of the tree presented in A. C: Structure of Shh with salient residues and domains indicated. 
D: Sequence lineup of Mesorhizobium BacHh, human Dhh, and Choanoflagellate Hedgling. Identical 
residues are indicated in amber. Salient residues are color coded and color coordinated with C.   
 
 
 
Supplemental Figure B 

 
 
Figure SB: Association of Shh with the ECM is enhanced specifically in response to zinc. Western blot 
analysis of the lysate and ECM of Hek8Zat cells transfected with Shh-CGMM* and cultured in medium 
containing M.6\ mM calcium and ` µM zinc, ` µM copper, 6.\ mM magnesium or 6.\ mM calcium as 
indicated. 
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Abstract 
 
Birth defects due to congenital errors in enzymes involved in cholesterol synthesis like 
Smith-Lemli-Opitz syndrome (SLOS) and lathosterolosis cause an accumulation of 
cholesterol precursors and a deficit in cholesterol. The phenotype of both SLOS and 
lathosterolosis have similarities to syndromes associated with abnormal Sonic hedgehog 
(Shh) signaling during development, consistent with the notion that impaired cholesterol 
signaling can cause reduced Shh signaling. Two multipass membrane proteins play central 
roles in Shh signal transduction, the putative Resistance, Nodulation and Division (RND) 
antiporters Ptch6 and Ptch8, and the G-protein coupled receptor Smoothened (Smo). 
Sterols have been suggested as cargo for Ptch6, while Smo activity can affected both 
positively and negatively by steroidal molecules. We demonstrate that mESCs mutant for 
N-dehydroxycholesterol reductase (NDhcr) or sterol-CJ-desaturase (ScJd) reduce the Hh 
response in nearby wildtype cells when grown in mosaic organoids. This non-cell 
autonomous inhibitory activity of the mutant cells required the presence of both Ptch6 and 
Ptch8. These observations support a model in which late cholesterol precursors that 
accumulate in cells lacking UDHCR are the cargo for Ptch6 and Ptch8 activity that mediates 
the non-cell autonomous inhibition of Smo.  
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Introduction 
 
Hedgehog (Hh) signaling is critically important during embryonic development and 
patterning in most animals. In the absence of Shh, Ptch6 inhibits Smo non-
stoichiometrically via a mechanism that remains poorly understood (Taipale, Cooper, 
Maiti, & Beachy, 8MM8). Binding of the ligand to the 68-transmembrane receptor Patched 6 
(Ptch6) blocks Ptch6 function and releases a Ptch6-dependent inhibition of the putative G-
protein coupled receptor Smoothened (Smo) (Izzi et al., 8M66; Marigo, Davey, Zuo, 
Cunningham, & Tabin, 6ZZ_; Taipale et al., 8MM8).   

Vertebrates have two Ptch homologs, Ptch6 and Ptch8 (Ptch6/8) that share 
overlapping functions (Alfaro, Roberts, Kwong, Bijlsma, & Roelink, 8M6h; B. Roberts, 
Casillas, Alfaro, Jägers, & Roelink, 8M6_). Ptch6/8 are members of the Resistance-
Nodulation Division (RND) family of antiporters that are present in all domains of life. 
RND antiporters export their cargo in exchange for protons (Tseng et al., 6ZZZ) although it 
is possible that Ptch6/8 can utilize a sodium gradient (Myers, Neahring, Zhang, Roberts, & 
Beachy, 8M6U). In bacteria, RND transporters pump small lipophilic and amphiphilic 
molecules to the outside and eukaryotic RNDs could have a similar function.  

Although the nature of the cargo of Ptch6/8 antiporter activity remains unknown, 
several observations suggest that it is a steroidal molecule (Hausmann, Mering, & Basler, 
8MMZ). The secretion of vitamin D/calcitriol and its precursor, vitamin Da/cholecalciferol, 
both derivatives of the cholesterol precursor U-Dehydrocholesterol (UDHC), is Ptch6-
dependent and these sterols repress Smo activity (Bijlsma et al., 8MM_; Linder et al., 8M6`). 
Furthermore, several known Smo modulators have a steroidal backbone, including the 
steroidal alkaloid cyclopamine (Incardona, Gaffield, Kapur, & Roelink, 6ZZ\; Keeler, 6Z_Z; 
H. J. Sharpe, Wang, Hannoush, & de Sauvage, 8M6`).  

All animal sterols are derived from lanosterol. Cholesterol is produced from 
lanosterol in a series of nineteen enzymatic reactions, called the postsqualene pathway 
(Bloch, 6Z_`; Kandutsch & Russell, 6Z_M). Vitamin D is a product of the direct cholesterol 
precursor, UDHC (Holick & Clark, 6ZU\). Several congenital syndromes are caused by the 
loss of enzymes that catalyze the last steps in the cholesterol synthesis pathway. Smith-
Lemli-Opitz syndrome (SLOS) is caused by mutations in the gene encoding the aβ-
hydroxysterol ∆U-reductase (UDHCR) (Fitzky et al., 6ZZ\), which catalyzes the reduction of 
the U-double bond in U-Dehydrocholesterol (UDHC) (Figure 6A) (Kandutsch & Russell, 
6Z_M). In SLO, a distinctive facial appearance including cleft palate, microcephaly, a small 
upturned nose, micrognathia, and ptosis is common (Smith, Lemli & Opitz, 6Z_h). 
Furthermore, limb malformations like postaxial polydactyly, syndactyly of the second and 
third toe, and proximally placed thumbs are observed in most patients. This syndrome has 
some overlap with the malformations caused by reduced Shh signaling (Chiang et al., 6ZZ_; 
Roessler et al., 6ZZ_; Smith et al., 6Z_h). Biochemically, elevated levels of UDHC and its 
isomer, \-Dehydrocholesterol (\DHC), are found besides decreased cholesterol in serum 
and tissue of SLOS patients as well as in the mouse model (Tint, 6ZZa; Wassif et al., 8MM6). 
UDHC levels are used for the diagnosis of SLO and are typically increased more than `M-
fold (F. D. Porter & Herman, 8M66). 
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Lathosterolosis is caused by mutations in the gene encoding the aβ-hydroxysteroid-Δ`-
desaturase (SC`D) which desaturates lathosterol to UDHC in the second to last step of 
cholesterol synthesis (Figure 6A) (Brunetti-Pierri et al., 8MM8). Symptoms of lathosterolosis 
have similarities with those observed in SLOS, including postaxial polydactyly, 
microcephaly, micrognathia, and toe syndactyly (Brunetti-Pierri et al., 8MM8). In the 
lathosterolosis mouse model, lathosterol levels are elevated _M fold whereas levels of 
cholesterol were decreased similar to the SLOS mouse model (Krakowiak et al., 8MMa; 
Wassif et al., 8MM6). To this point, it has not been resolved unambiguously if a reduction of 
cholesterol levels or the accumulation of its precursors constitute the phenotype of the 
malformation syndromes caused by inborn errors in the synthesis of cholesterol (Blassberg, 
Macrae, Briscoe, & Jacob, 8M6_; Cooper et al., 8MMa). Circulating maternal cholesterol can 
be transported to the fetus, making it unlikely that SLOS and lathosterolosis are 
predominantly caused by low fetal cholesterol. Instead, the accumulation of late sterol 
precursors seems to contribute to these birth defects, possibly by suppressing Shh signaling 
(Cooper et al., 8MMa). 

Cell types in the developing neural tube arise in at stereotypic position in response 
to Shh signaling. An effective in vitro model of the neural tube are neuralized embryoid 
bodies (nEBs), also called spinal cord organoids (SCOs), which are aggregates of 
approximately 6Mh embryonic stem cells (ESCs) (Wichterle, Lieberam, Porter, & Jessell, 
8MM8). Mosaic SCOs can be generated by mixing cells with genotypically diverse cell lines 
in varying ratios. This approach allows us to address the non-cell autonomous effects 
caused by genetic alterations. 

Here, we provide evidence that accumulation of late sterol precursors can inhibit 
Shh signaling both cell autonomously, as well as non-cell autonomously even in cells with 
an intact cholesterol synthesis pathway. Importantly, this increased non-cell autonomous 
inhibition requires the presence of Ptch6/8 function in those cells that accumulate the 
cholesterol precursors. These observations are consistent with a model that late sterol 
precursors are the cargo of Ptch6/8 antiporter activity in its ability to inhibit Smo non-cell 
autonomously. 
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Results 
 
The loss of Y-Dehydrocholesterol reductase and/or Lathosterol W-desaturase 
changes the cellular distribution of sterols  
We have shown before that Ptch6/8 activity can inhibit Smo non-cell autonomously, 
supporting the notion that Ptch6/8 functions in the distribution or secretion of a Smo 
inhibitor (B. Roberts et al., 8M6_). To assess if this inhibitor could be a late sterol precursor, 
we made Shh-/-;NDhcr-/- cells and found that these cells have reduced amounts of cholesterol 
after three days of serum starvation as compared to the parental Shh-/- cells (Figure 6B). To 
assess more global changes in the distribution of sterols, we stained serum-starved SCOs 
with Filipin, a fluorescent stain (Blanchette-Mackie, 8MMM) used in the diagnosis of 
Niemann-Pick disease type C (Sokol et al., 6Z\\). Similar to SLOS, the phenotype of 
lathosterolosis overlaps with that of congenital Shh malformations, raising the question if 
similar mechanisms impair the Shh signal transduction. Besides Shh-/-;NDhcr-/- cells, we also 
stained Shh-/-;ScJd-/- cells as well as the triple mutant Shh-/-;NDhcr-/- ;ScJd-/-  cells, cultured 
as SCOs in the absence of serum for up to U8 hours. Cells lacking only Shh had surface and 
wrinkle-like accumulations of sterols on the cell surface on the first and second day of 
serum deprivation (Figure 6C). However, few cells appeared with small circular-shaped 
structures on the cell surface as well as inside the cell that accumulated on day a. Whereas 
cells missing either UDhcr or Sc`d had a wild-type like distribution of sterols, Shh-/-;NDhcr-

/-;ScJd-/- cells appeared to have a reduced amount of sterols (Figure 6C). These results 
indicate that a lack of Sc`d is not epistatic to a lack of UDhcr, which are thought to act in 
sequence in the cholesterol synthesis pathway, but in fact has an additive effect.  
 
Accumulation of late sterol precursors inhibit the Hh response 
The loss of DHCRU in SLOS is known to suppress Shh signaling, and the prevailing 
hypothesis is that this is caused by the accumulation of a late sterol precursor inhibiting 
Smo (Cooper et al., 8MMa). To discern whether the accumulation of the direct cholesterol 
precursor UDHC or the lack of cholesterol can inhibit Shh signaling, SCOs constituting of 
PtchGLacZ/LacZ;PtchH-/-;Shh-/- were treated with 6a µM UDHC, 6a µM cholesterol, or a 
combination of both sterols, and the amount of Ptch6:LacZ was measured as a proxy for the 
Hh pathway response (Figure 6D). The reporter cells are devoid of both Ptch6 and Ptch8 
with the result that Smo is constitutively active and the PtchG:LacZ expression levels are  
highly increased compared to heterozygous reporter cells (PtchG+/LacZ;Shh-/-, (Roberts et al., 
8M6_). UDHC significantly reduced the Shh pathway activity in PtchGLacZ/LacZ;PtchH-/-;Shh-/- 
SCOs by aM % (Figure 6D). Cholesterol had no effect on the Hh response, neither when 
added alone nor in combination with UDHC. This indicates that the accumulation of 
cholesterol precursors is the inhibitory event and not a lack of cholesterol and that 
additional cholesterol cannot compensate the inhibitory effect of UDHC. These results 
suggest that the inhibitory cholesterol precursor can be found in the medium, and we 
therefore tested the inhibitory potential of conditioned supernatants. We transferred 
medium of SCOs consisting of Ptch-/- and/or NDhcr-/- cells to PtchGLacZ/LacZ;PtchH-/-;Shh-/- 
reporter cells and found that in addition to a Ptch6/8-mediated inhibition, the conditioned 
medium of NDhcr-/- cells decreased the Hh response in reporter cells by hM% (Figure 6E). 
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These results support the idea that a cholesterol precursor can inhibit the Hh response 
non-cell autonomously. 
 

Figure ): Late sterol precursors 
accumulate in Shh-/-;-Dhcr-/- cells 
and inhibit the Hh response 
non-cell autonomously. 
A: Schematic of the last enzymatic 
reactions in cholesterol synthesis. 
Lathosterol is converted to UDHC 
by the desaturase Sc`d, and UDHC 
to cholesterol by the desaturase 
UDhcr. B: Cholesterol, UDHC, and 
lathosterol levels were measured in 
NDhcr-/- cells a days after serum 
starvation by gas chromatography 
mass spectrometry (GC-MS) and 
compared to NDhcr+/+ cells. C: 
Staining of unesterified sterols in 
Shh-/-, Shh-/-;NDhcr-/-, Shh-/-;ScJd-/-, 
and Shh-/-;NDhcr-/-;ScJd-/- SCOs with 
the fluorescent dye Filipin a days 
after serum starvation. D: 
PtchG:LacZ measurement of 
PtchGLacZ/LacZ;PtchH-/-;Shh-/ reporter 
cells in SCOs that were treated with 
mock, 6a µM UDHC, 6a µM 
cholesterol, or 6a µM UDHC and 6a 
µM cholesterol for a days under 
serum starvation. Box-and-Whisker 
plot, n ≥ a. E: PtchG:LacZ 
measurement of PtchGLacZ/LacZ;PtchH-

/-;Shh-/ reporter cells in SCOs that 
were cultured in medium 
conditioned by PtchGLacZ/LacZ;PtchH-/-

;Shh-/-, Shh-/-, or Shh-/-;NDhcr-/- 
SCOs. Box-and-Whisker plot, n=a. 
****p<M.MMM6, **p<M.M6, n.s. not 
significant. 

 
Loss of Y-Dehydrocholesterol reductase and/or lathosterol W-desaturase inhibit 
the Shh pathway non-cell autonomously 
To test if endogenous early cholesterol precursors like UDHC or lathosterol can inhibit Shh 
signaling non-cell autonomously, we measured PtchG:LacZ expression in our 
PtchGLacZ/LacZ;PtchH-/-;Shh-/ reporter cells in mosaic SCOs with `M% Shh-/-;NDhcr-/- , Shh-/-

;ScJd-/- or the triple mutant Shh-/-;NDhcr-/-;ScJd-/- mESCs (Figure 8A). Both Shh-/-;NDhcr-/- 
and Shh-/-;ScJd-/- cells inhibited Shh pathway activity in the neighboring reporter cells 
(Figure 8B). The inhibition by Shh-/-;NDhcr-/- cells, however, was significantly more potent 
than the one caused by Shh-/-;ScJd-/- mESCs, suggesting that UDHC could be a major 
component of the inhibitory cholesterol precursors. Interestingly, a combination of the two 
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mutations further decreased the PtchG:LacZ expression in SCOs composed of even amounts 
of PtchGLacZ/LacZ;PtchH-/-;Shh-/- and Shh-/-;NDhcr-/-;ScJd-/- mESCs. This additive effect, as 
mentioned earlier, contradicts the idea of a linear pathway with Sc`d and UDhcr being 
enzymes acting in sequence. The differences in the inhibitory potential of the different cell 
lines could not be explained by shifted ratios of reporter and repressor cells as lineage 
tracers showed even numbers of reporter and repressor cells in all h different types of 
mosaic SCOs h\ h after aggregation (Figure 8C).  

These results suggest that a variety of early cholesterol precursors can inhibit Shh signaling 
non-cell autonomously. Moreover, the additive inhibitory effect of Shh-/-;NDhcr-/-;ScJd-/- on 
the Shh pathway contradicts the linear cholesterol biosynthesis pathway of textbooks. 

Figure B: Non-cell autonomous inhibition of the Hh response by cells mutant for enzymes of 
cholesterol synthesis. A: Experimental setup: In mosaic SCOs consisting of equal amounts of reporter and 
repressor cells, repressor cells have Ptch6/8 but lack varying enzymes of cholesterol synthesis. The reporter 
cells with a PtchG:LacZ reporter gene lack Ptch6/8 and therefore have an upregulated transcriptional Hh 
response. B: PtchG:LacZ expression PtchGLacZ/LacZ;PtchH-/-;Shh-/-  reporter cells in mosaic SCOs after a days of 
serum starvation. Box-and-Whisker plot, n=`, **** p<M.MMM6. C: Fluorescent images of mosaic SCOs consisting 
of reporter and repressor cells (genotypes indicated) that were loaded with lineage tracing dyes (CellTrackerTM 
Green and Blue). Images are pseudo-colored to enhance contrast.  



	 75	

Ptch)/B is required for non-cell autonomous inhibition 
We tested if Ptch6/8 is required for non-cell autonomous inhibition by cells deficient for 
UDhcr or Sc`d and compared the response to UDHC in homogenous PtchGLacZ/LacZ;PtchH-/-

;Shh-/- reporter SCOs to mosaic SCOs consisting of `M% PtchGLacZ/LacZ;PtchH-/-;Shh-/- reporter 
and `M% Ptch6/8-containing cells (Figure aA). Exogenous UDHC decreased the Hh 
response in reporter cells to a much greater extend when Ptch6/8-containing cells were 
present, additionally to the inhibitory function of Ptch6/8 alone (both types of SCOs were 
normalized to their respective mock-treatment). This suggests that UDHC from the 
medium can be acted upon and potentiated in its Smo-inhibitory potential by Ptch6/8. This 
effect of Ptch6/8 on UDHC was not observed for the Smo antagonist cyclopamine, 
suggesting that cyclopamine inhibits Smo directly without the need for Ptch6/8 function 
(Figure S6). 

We next sought to assess if Ptch6/8 function can be rescued and if both paralogs 
contribute to Smo-inhibition. As overexpression experiments in mESCs usually suffer from 
poor transfection efficiencies, we overexpressed Ptch6 or Ptch8 in Ptch6/8- or UDhcr-
deficient fibroblasts (PtchGLacZ/LacZ;PtchH-/- and PtchGLacZ/LacZ;PtchH-/-;NDhcr-/-) and transferred 
their supernatant onto Light8 reporter cells (Taipale et al., 8MMM). Conditioned medium 
from Ptch6- and Ptch8-expressing cells inhibited the Shh pathway response in the presence 
of SAG equally and independent of UDhcr in the conditioning cells (Figure aB).  

To further assess the role of Ptch6/8 in non-cell autonomous inhibition of Shh 
signaling by cholesterol precursors, we mixed Ptch6/8-deficient PtchGLacZ/LacZ;PtchH-/-;Shh-/ 

and PtchGLacZ/LacZ;PtchH-/-;Shh-/-;NDhcrN-/- mESCs in mosaic SCOs and compared their  
PtchG:LacZ expression to  SCOs consisting of either genotype alone. While the Hh response 
is constitutively high in PtchGLacZ/LacZ;PtchH-/-;Shh-/- cells,  the loss of UDhcr decreases 
PtchG:LacZ expression by approximately UM % (Figure aC). If Ptch6/8 are indeed required 
for non-cell autonomous Shh pathway inhibition, UDhcr- and Ptch6/8 deficient cells should 
not be able to inhibit the Shh pathway response and the PtchG:LacZ expression of the 
mosaic SCOs should be  exactly half of the  difference between PtchGLacZ/LacZ;PtchH-/-;Shh-/ 

and PtchGLacZ/LacZ;PtchH-/-;Shh-/-;NDhcr-/- SCOs. The null hypothesis would therefore be HM = 
6 – ½ (average PtchGLacZ/LacZ;PtchH-/-;Shh-/-- average PtchGLacZ/LacZ;PtchH-/-;Shh-/-;NDhcr-/-), 
indicated by a red line in Figure aC. Indeed, the average of Ptch6/8-deficient mosaic SCOs 
was only 8 percent points higher than HM, suggesting that Ptch6/8 facilitates the non-cell 
autonomous inhibition of cholesterol precursors (Figure aC). 

To further confirm the role of Ptch6/8 in repressing cells, we mixed `% HbM:gfp 
mESCs with a panel of Ptch6/8-containing/deficient and/or UDhcr-containing/deficient 
mESCs (Figure aD). The Hh pathway response was activated in the reporter cells with the 
Smoothened agonist SAG and the inhibitory potential of the interspersed cells was assessed 
by counting the number of HbM:gfp-positive nuclei as a measure of Hh pathway activation. 
Compared to uninhibited HbM:gfp reporter cells in Ptch6/8 -deficient mosaic SCOs,  Ptch6/8 
alone decreased the number of positive nuclei by more than half (Figure aE). Consistent 
with our results described earlier, Ptch6/8 containing but UDhcr deficient cells decreased 
the number of positive nuclei even further. In the absence of Ptch6/8 and UDhcr, however, 
HbM:gfp expression was uninhibited, similar to the level of Ptch6/8-deficient mosaic SCOs. 
This suggests that a loss of Ptch6/8 is epistatic to a loss of UDhcr in repressing cells and that 
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Ptch6/8 is required for non-cell autonomous inhibition. As the addition of SAG increased 
the number of HbM:gfp positive nuclei in every condition, the inhibitory factor in the NDhcr-

/- cells is likely a competitive inhibitor to SAG, meaning that it acts at the level of Smo. 
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Figure 3: Non-cell autonomous inhibition by late cholesterol precursors requires Ptch1/2.  
A: Ptch1:LacZ measurement of Ptch1LacZ/LacZ;Ptch2-/-;Shh-/- reporter cells in SCOs or in mosaic SCOs with 50 % 
Shh-/- mESCs after 3 days of serum starvation. 13 µM 7DHC was added after the first night of SCO aggregation. 
Ptch1:LacZ levels are normalized to the respective mock treatment to account for lower numbers of reporter 
cells and inhibition by Ptch1/2 in mosaic SCOs. Box-and-Whisker plot, n=4. B: Experimental setup and Gli 
luciferase measurements of Hh responsive Light2 cells. Ptch1-/-;Ptch2-/- or Ptch1-/-;Ptch2-/-;7Dhcr-/- fibroblasts 
were transfected with mock, Ptch1, or Ptch2 and their conditioned medium was filtered and transferred onto 
Light2 cells with 30 nM SAG. Gli luciferase levels were normalized to Renilla luciferase and all conditions to 
their respective mock transfection. Box-and-Whisker plot, n=4. C: Graphic representation of the null 
hypothesis (indicated by red line): If Ptch1/2 is not required for non-cell autonomous inhibition, Ptch1:LacZ 
expression in mosaic SCOs will be the average of the individual SCOs. Ptch1:LacZ measurement of 
Ptch1LacZ/LacZ;Ptch2-/-;Shh-/-, Ptch1LacZ/LacZ;Ptch2-/-;Shh-/-7Dhcr-/-, and mosaic SCO consisting of equal amounts 
of the two reporter lines 3 days after serum starvation. Box-and-Whisker plot, n=4. D: Mosaic SCOs with 5% 
Hb9:gfp reporter cells and the indicated repressor cells were serum starved for 3 days and treated with 30 nM 
SAG for the last 24 hours. SCOs were fixed and Hb9:gfp expression imaged. Shown are representative images 
of mosaic SCOs for each condition. E: Quantification of Hb9:gfp positive nuclei of the experiment shown in 
D, shown in a Box-and-Whisker plot, n=3.* p<0.05, *** p<0.001, ****p<0.0001 
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Discussion 
 
Mutations in the DHCRN gene encoding the aβ-hydroxysteroid ΔU-reductase are associated 
with the Smith-Lemli-Opitz Syndrome (SLOS), a congenital multiple malformation 
syndrome (Fitzky et al., 6ZZ\). Malformations resemble birth defects observed with 
reduced Hedgehog signaling during embryogenesis, and the accumulating cholesterol 
precursor UDHC were found to reduce Shh signaling (Cooper et al., 8MMa; Roessler et al., 
6ZZ_). In addition to the known cell autonomous inhibition of the Hh response, we show 
here that Shh-/-;NDhcr-/- mESCs inhibit the Shh pathway non-cell autonomously. 
Importantly, Ptch6/8 was found to enhance the inhibitory effect of exogenously added 
UDHC on reporter cells devoid of Ptch6/8, arguing for UDHC being an endogenous cargo of 
Ptch6/8. Furthermore, Ptch6/8 are required for non-cell autonomous inhibition as NDchr-/- 
cells also deficient for Ptch6/8 were not able to inhibit the Hh response in adjacent cells. 
 
Possible scenario for the Ptch)/B-dependent inhibition of Smo by cholesterol 
precursors 
The following model based on the data presented here evolved (Figure h): Ptch6/8 is able 
to inhibit Smo non-cell autonomously and its inhibitory function is even enhanced when 
the cells are deficient for one or more enzymes of the cholesterol synthesis pathway. This 
is likely due to the transport of inhibitory cholesterol precursors like UDHC, increasing 
their inhibitory potential by a yet unknown mechanism (Bijlsma et al., 8MM_; Cortes et al., 
8M6`; Linder et al., 8M6`). To this point, we cannot exclude that a derivative of UDHC like 
vitamin Da/cholecalciferol or vitamin D/calcitriol inhibits Smo. To be inhibitory non-cell 
autonomously, UDHC and other cholesterol precursors need Ptch6/8 activity, as Ptch6/8-
deficient cells had no inhibitory potential, independent of the presence of UDhcr or Sc`d.  
 

 
 
Figure T: Model of non-cell autonomous Smo inhibition by Ptch)/B. Ptch6/8 inhibits Smo non-cell 
autonomously and does so more potently when the Ptch6/8-containing cells lack enzymes of cholesterol 
synthesis, resulting in a decreased transcriptional Hh response. In the absence of Ptch6/8 and independent 
of the absence or presence of enzymes of cholesterol synthesis, Smo in uninhibited and the transcriptional 
Hh response is high. 
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Does Ptch)/B transport a Smo-inhibitory sterol? 
Many Smo-modulating small molecules, both endogenous and exogenous as well as 
activating and inhibiting, are known (H. J. Sharpe et al., 8M6`). Some of those have a 
steroidal structure, that, together with evidence originating from Ptch6/8, suggests that 
Ptch6/8 uses a sterol to inhibit Smo in the absence of the Hh ligand. We find that Ptch6/8 
does not exacerbate Smo inhibition by cyclopamine, arguing against it being a cargo of 
Ptch6/8. Cholesterol on the other hand would be a welcome endogenous candidate as a 
Ptch6/8 cargo due to its ubiquitous presence but definitive evidence, especially for a Smo 
inhibitory function, is scarce.   

Besides cholesterol, vitamin D/calcitriol can be synthesized from UDHC via 
photolysis. When UDHC accumulates in the absence of UDhcr, the synthesis of vitamin D 
is increased (Prabhu, Luu, Sharpe, & Brown, 8M6_). Vitamin Da/cholecalciferol, the 
precursor of vitamin D, is capable of inhibiting Smo more efficiently than UDHC and is 
secreted by Ptch6 (Bijlsma et al., 8MM_; Tang et al., 8M66). Similarly, the hormonally active 
form of vitamin Da, calcitriol, was reported to be released into the extracellular space by 
Ptch6 and efficiently inhibit the translocation of Smo to the primary cilium (Cortes et al., 
8M6`; Linder et al., 8M6`), further supporting the notion that a cholesterol precursor or 
derivative thereof could be the Ptch6/8 cargo that inhibits Smo.  
 
Evidence for alternative pathways in the cholesterol biosynthesis pathway 
Cholesterol synthesis begins with acetyl-CoA and has a multiplicity of intermediates, each 
requiring catalyzation by unique enzymes to progress to the next precursor molecule. 
Kandutsch and Russell proposed a linear but bifurcated pathway in 6Z_M for the synthesis 
of cholesterol that only differ in an additional double bond in the alkyl side chain appended 
to the CD-ring. This double bond can be resolved at any time by the aβ-hydroxysterol Δ8h-
reductase. Sc`d acts upstream of UDhcr and a mutation would therefore logically be 
epistatic to a mutation in the NDhcr gene. Contrary, we observed an additive inhibitory 
effect of the two mutations in combination on the Shh pathway. Thus, additional functions 
of enzymes or additional, Sc`d and/or UDhcr circumventing pathways are conceivable. 
Porter et. al proposed, with reservation, that \-Dehydrocholesterol (\DHC), an isomer of 
UDHC, can be synthesized from the precursor of lathosterol (cholesta-\(Z)-en-aß-ol) by 
Sc`d (F. D. Porter, 8MM8). \DHC and UDHC differ in the position of a double bond that can 
be swapped in both directions by the enzyme that synthesizes lathosterol from its 
precursor, aβ-hydroxysterol Δ\,ΔU-isomerase (EBP). Although this alternative pathway 
does not explain the additive inhibitory effect of combinatorial Sc`d and UDhcr knock-outs 
- a lack of Sc`d would still terminate the synthesis of cholesterol at the level of lathosterol 
- it still strengthens the likelihood that cholesterol synthesis is not as linear as textbooks 
impart and that enzymes of cholesterol synthesis can exhibit additional, unknown 
functions.  
 
The mechanism of Smo inhibition by Ptch)/B  
The hypothesis that the non-cell autonomous inhibition of the Shh pathway by Ptch6/8 is 
mediated by its antiporter function originates from the observation that a mutation in the 
antiporter channel (Ptch6DhZZA) blocks Ptch6 activity (Alfaro et al., 8M6h; Taipale et al., 
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8MM8). As a member of the RND family of proton driven antiporters, Ptch6/8 is thought to 
require a proton gradient to transport molecules across membranes (Tseng et al., 6ZZZ). 
Sodium has been proposed as an alternative ion that would be transported across the cell 
membrane in exchange for the Smo inhibitory molecule (Myers et al., 8M6U). Besides the 
question of “what” Ptch6/8 transports, the “how/where” has been the point of more recent 
discussion. The Ptch6 monomer revealed a hydrophobic pore-like structure in cryo-
electron microscopy (cryo-EM) models, oftentimes with sterols in the vicinity of the pore 
opening.  Transport of sterols through that pore, however, are difficult to reconcile with a 
simultaneous antiport of an ion through the seemingly narrow diameter of the pore. 
Furthermore, the palmitoylated N-terminus of Shh inserts into this pore, thereby blocking 
Ptch6 function in a similar fashion to the antiporter channel mutant (Qi, Schmiege, 
Coutavas, Wang, & Li, 8M6\; Tukachinsky, Petrov, Watanabe, & Salic, 8M6_). Dispatched, 
another member of the RND superfamily, is a homotrimer, suggesting that Ptch6, too, could 
form a trimer with a large opening in the center (Etheridge, Crawford, Zhang, & Roelink, 
8M6M). This central pore could transport the Smo-inhibitory sterol, leaving the pores in the 
individual monomers for ion antiport. 
 
Conclusions 
Our findings suggest that UDHC and other cholesterol precursors are endogenous cargos 
of Ptch6/8. Similar to other (bacterial) members of the RND transporter family, Ptch6/8 can 
mediate the efflux of substrates that inhibit Smo and thus the downstream transcriptional 
response. 
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Materials and Methods 
 
CRISPR/Cas\ mediated mutagenesis 
The CRISPR/CasZ genome editing technique was used to knock out the NDhcr and ScJd 
gene (Ran et al. 8M6a). The pXh`\/ pSpCasZ(BB)-8A-Puro and pXh`Z/ pSpCasZ(BB)-8A-
GFP expression plasmids were a gift from the Doudna lab (University of California, 
Berkeley, USA). sgRNAs were designed using the online tool provided by the Zhang lab 
(http://tools.genome-engineering.org, MIT, Massachusetts, USA) and ordered from IDT 
DNA Technologies (Iowa, USA). Cloning of sgRNA and CasZ expressing plasmids was 
performed according to (Ran et al., 8M6a) 
 
Tissue culture 
PtchGLacZ/LacZ;PtchH-/-;Shh-/- and Shh-/- mESCs were generated using TALEN mediated 
mutagenesis and are described elsewhere (B. Roberts et al., 8M6_). The PtchGLacZ/LacZ;PtchH-

/-;Shh-/- line originates from the PtchGLacZ/LacZ line (Goodrich, Milenkovic, Higgins, & Scott, 
6ZZU). All cell lines were cultured under standard conditions in ES medium (DMEM/Gibco, 
6` % FBS/Gibco, 8mM L-glutamine/Thermo Fisher Scientific, 6X Penicillin Streptomycin/ 
Thermo Fisher Scientific, 6X MEM Non-Essential Amino Acids Solution/Thermo Fisher 
Scientific, 6X Nucleosides for ES cells/EMD Millipore, 6X ß-Mercaptoethanol, 6X GST-
LIF/Millipore) in tissue culture dishes coated with gelatin.  
For generation of SCOs, 8 x 6M` – h x 6M` mESCs were cultured in _Mmm Petri dishes in 
DFNB medium (Neurobasal medium/Gibco, DMEM F68 6:6/Gibco, 6.` mM L-glutamine/ 
Thermo Fisher Scientific, 6X Penicillin Streptomycin/Thermo Fisher Scientific, 6X B8U® 
Supplement/Gibco, M.6 mM ß-Mercaptoethanol) on a rotating platform. After h\ h, 6M µM 
Retinoic Acid (Sigma/Aldrich) was added.  
UDHC, cholesterol, and lathosterol (all Sigma/Aldrich) were dissolved in ethanol and used 
at 6a µM. All reagents were added directly to aggregating SCOs. 
Fibroblasts were grown in DMEM + 6M% FBS (Atlas Biologicals) and transfected with 
Lipofectamine8MMM according to the manufacturer’s instructions. The medium was 
exchanged with DMEM 8hh after transfection for medium conditioning (8hh). The 
conditioned medium was then removed, filtered, and transferred onto Light8 cells for 
another h\h with aM nM SAG. Gli- and Renilla-luciferase levels in the Light8 cells were 
measured with the Dual luciferase kit according to the manufacturer’s instructions. Gli 
luciferase/Renialla luciferase levels were normalized to the respective mock-transfected 
control.  
 
Cell tracking 
For cell lineage tracking experiments, cells were incubated with `MM µM CMFDA Green or 
CMAC Blue (both Invitrogen) in DFNB medium for h` min at aU °C and seeded as described 
above. After h\ h (or respective time points), SCOs were fixed in h % paraformaldehyde 
(Thermo Fisher Scientific) in 6X PBS for 6M min and mounted directly in Fluoromount G 
Mounting Medium (Thermo Fisher Scientific). Images were taken with a Zeiss Observer 
fluorescence microscope with a 8MX and 6MX objective. 
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Filipin staining 
For filipin staining, SCOs were fixed in h % paraformaldehyde (Thermo Fisher Scientific) 
in 6X PBS for 6M min after one, two, or three days. SCOs were stained in aM µM filipin III 
(Sigma/Aldrich) in 6X PBS for aM min in the dark and mounted in Fluoromount G Mounting 
Medium (Thermo Fisher Scientific) after washing once with 6X PBS. Images were taken 
with a Zeiss Observer fluorescence microscope with a _aX objective and oil immersion.  
 
Reporter Gene Assay for Ptch1:LacZ induction 
PtchG:LacZ expression levels were quantified U8 h after aggregation of SCOS using the 
Galacto-Light PlusTM system (Applied Biosciences) according to the manufacturer’s 
instructions. Shortly, SCOs were collected in plastic tubes, washed with 6X PBS, and lysed 
using lysis buffer (6MM mM potassium phosphate pH U.\, M.8% Triton X-6MM). Lysates were 
incubated with UM µl Reaction buffer for aM min in a Z_ well plate, followed by an 
incubation with Accelerator-II for 6` min. Signal was read in a microplate luminometer for 
` s per well. PtchG:LacZ levels were normalized to total protein using the Bradford reagent 
(BioRad). 
 
Statistics 
Single Factor ANOVA was used to analyze more than two conditions, followed by a 
Student’s t-test with a two-tailed distribution assuming unequal variance comparing two 
conditions. *p<M.M`, **p<M.M6, ***p<M.MM6, ****p<M.MMM6 
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Figure S): Ptch)/B does not exacerbate the inhibition of Smo by cyclopamine. A: Structural comparison 
of the steroidal molecules cyclopamine and cholesterol. B: PtchG:LacZ measurement of PtchGLacZ/LacZ;PtchH-/-

;Shh-/- reporter cells in SCOs or in mosaic SCOs with `M % Shh-/- mESCs after a days of serum starvation. The 
indicated concentrations of cyclopamine were added after the first night of SCO aggregation. PtchG:LacZ 
levels are normalized to the respective mock treatment to account for lower numbers of reporter cells and 
inhibition by Ptch6/8 in mosaic SCOs. Box-and-Whisker plot, n=_, *p<M.M`. 
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Since its discovery in late 6ZUMs, Hh signaling has been extensively studied (Nüsslein-
Volhard & Wieshaus, 6Z\M). Nevertheless, several key questions remain largely unresolved. 
Two of these open questions were the focus of this dissertational research: Does Shh have 
a peptidase activity that facilitates its release from the cell, and how does the Hh receptor 
Ptch6/8 inhibit the GPCR and signal transducer Smo?  
 
What does Ptch)/B transport? 
The holy grail in the field of Shh signaling has been the cargo for the Shh receptor and 
putative RND transporter Ptch6/8. The consensus is that the cargo is a sterol, but the exact 
nature of the Smo-inhibitory molecule has not been conclusively demonstrated. Among 
possible candidates are cholesterol, cholesterol precursors, and their derivatives. Ptch6 can 
transport cholesterol from the cytosol into the extracellular space as well as from the inner 
to the outer leaflet in a fashion reminiscent of membrane lipid flippases (Bidet et al., 8M66; 
Y. Zhang et al., 8M6\b). Neither cholesterol in the extracellular space nor its removal from 
the inner leaflet, however, was directly shown to inhibit Smo. In addition, the changes in 
sterol composition of the cell membrane cannot account for non-cell autonomous signaling 
that I describe in this thesis (Chapter h). A possible Smo-inhibitory cholesterol precursor 
addressed in this thesis, UDHC, is a candidate as a cargo of Ptch6/8, as it inhibits Smo non-
cell autonomously and its potency is increased in the presence of Ptch6/8. We cannot, 
however, exclude that UDHC is modified spontaneously or enzymatically to a different 
sterol.  

Given the variety of cargos known for other RND transporters and the numerous 
examples of Smo-modulating molecules it is likely that Ptch6/8 can flux several related 
sterols that can inhibit Smo. 
 
The structure of Ptch) and binding to ShhNp 
Ptch6/8 belong to a family of RND transporters, a large family present in all domains of life. 
Some possible properties of Ptch6/8 are inferred from observations of other members of 
this family (Tseng et al., 6ZZZ). RND transporters like the bacterial AcrB, vertebrate Disp, 
and Drosophila Ptc function as trimers (Lu, Liu, & Kornberg, 8MM_), but trimerization of 
vertebrate Ptch6/8 has not been demonstrated. Due to its size and large number of 
hydrophobic transmembrane domains, early crystallographic studies of Ptch6 contained 
only monomers, often incomplete or assembled from two or more pieces. With the advent 
of more advanced methods, not requiring the packaging of proteins into crystals, like cryo-
electron microscopy (cryoEM), more complex structural models including most of the 
protein sequence of Ptch6 have emerged. A structure of two Ptch6 molecules shows that 
dimerization is feasible and can be happen simultaneous to Shh binding (Qi, Schmiege, 
Coutavas, & Li, 8M6\a; Qi, Schmiege, Coutavas, Wang, & Li, 8M6\b). It does not, however, 
explain any advantages for its transporter function. Ptch6 molecules assembled into a 
homotrimer based on the model of known RNDs would elegantly explain ion transport 
through the channel of individual molecules with the transport of bigger molecules like 
sterols through the pore formed in the center of the trimer (Figure 6). When modeled in 
silico on existing structures of other RND trimers like AcrB, a Ptch6 monomers (PDB: 
_OEU) fit seamlessly into a trimer without producing any apparent clashes. Nevertheless, 
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when ShhN is included in this model, the structure of ShhN partially overlaps with the 
extracellular domains of Ptch6, indicating that the model of the trimer and its binding to 
ShhN needs refinement.  
 

 
 Shh appears to bind to Ptch6 with two different sites, the palmitoylated N-terminus 
and the zinc coordination center (Qi, Schmiege, Coutavas, & Li, 8M6\a; Qi, Schmiege, 
Coutavas, Wang, & Li, 8M6\b). The N-terminal 88 amino acids including the palmitoyl are 
sufficient to insert into the putative proton channel of Ptch6 (Qi, Schmiege, Coutavas, 
Wang, & Li, 8M6\b; Tukachinsky, Petrov, Watanabe, & Salic, 8M6_). This is presumably 
achieved through insertion and blocking of the proton channel of Ptch6 by the Shh N-
terminus, abrogating the proton-driven antiporter function of the putative Smo inhibitor. 
 The second site of Shh binding to Ptch6 is the zinc coordination center, which binds 
to the two extracellular domains (ECD) of Ptch6. A mutant form of Ptch6 missing the second 
ECD (Ptch6∆loop8) acts in a dominant negative fashion in the developing chicken neural 
tube whose inhibitory function cannot be blocked by Shh, suggesting that this domain and 
binding site is required for Shh-mediated blocking of Ptch6 function (Briscoe et al., 8MM6). 
The interaction of the Shh zinc coordination center with the extracellular domains of Ptch6 
causes an internalization of the complex (Incardona et al., 8MMM). N-terminally truncated 
Shh can bind Ptch6 with similar affinity as untruncated Shh, and N-terminal truncation 
does not affect Ptch6 internalization, suggesting that the N-terminus of Shh is dispensable 
for Ptch6 internalization (Williams et al., 6ZZZ). The monoclonal antibody `E6 binds Shh at 
the zinc coordination center and blocks internalization, supporting the notion that access 
to the zinc coordination domain is required for internalization. When the zinc 
coordination center of Shh is already bound to `E6, however, the large alpha helix of Shh 
on the opposite side of the protein seems to substitute as an alternative Ptch6 binding site 

Figure ). Reconstruction of a putative Ptch) trimer. Three Ptch6 monomers (PDB _OEU) were modeled 
in silico on an existing AcrB trimer structure (PDB 8DHH).  
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(Qi, Schmiege, Coutavas, Wang, & Li, 8M6\b). Furthermore, the structure of 8 Ptch6 
molecules in complex with ShhN showed the morphogen being intercalated between the 
two Ptch6 monomers with both possible Ptch6 binding sites of ShhN being in contact with 
Ptch6 (Qi, Schmiege, Coutavas, & Li, 8M6\a). Intriguingly, the structure showed insertion 
of the Shh N-terminus into the pore of one Ptch6 molecule and binding of the zinc 
coordination center to the other, further strengthening the idea that the mode and function 
of Shh binding to Ptch6 is two-pronged. 
 
It was recently demonstrated that the extracellular domain 6 (ECD6) of Ptch6 has a V-shaped 
hydrophobic cavity that can accommodate the ShhNp-linked cholesterol, offering a third 
binding site for Shh (Rudolf et al., 8M6Z). This interaction enhances the ability of Shh to 
inactivate Ptch6 and trigger a Hh response. Furthermore, the cholesterol modified C-
terminal U amino acids of Shh are sufficient to enhance the Hh response to the 
palmitoylated N-terminal 6` amino acids without the need for the globular core protein, 
indicating that the two lipid binding sites in Ptch6 are allosterically linked. These 
observations indicate that Shh can block Ptch6 function in a pincer grasp mechanism 
(Rudolf et al., 8M6Z). Interestingly, the connector peptide of Shh linking the globular core 
of the protein with cholesterol is evolutionarily conserved and required for insertion of the 
cholesterol moiety into the ECD6 of Ptch6 (Rudolf et al., 8M6Z). BacHh lack this linker 
domain, further indicating that the C-terminal cholesterol modified tail of Shh is required 
for receptor interaction and not for the putative peptidase activity. 
  
The functional implications for the two lipid- and the core protein-mediated interactions 
of Shh with Ptch6 are complex, as all of them are sufficient but none is essential to trigger 
the Hh response in target cells. This might reflect different signaling environments and is 
discussed in more detail below.  
 
Does Shh maturation and release from the cell require self-cleavage?  
Many BacHh proteins are modular and have large N- or C-terminal appendages to their 
peptidase domain like Ig-like repeats, integral membrane proteins, or other peptidases 
(Roelink, 8M6\). It is conceivable that BacHhs are zymogens and that these appendages are 
removed through self-cleaving events before the peptidase is fully activated to cleave 
intended targets. We and others observed the removal of a C-terminal portion of 
cholesterol-modified and unmodified Shh concurrent with the release of Shh to either the 
medium or the extracellular matrix (Jakobs et al., 8M6h; 8M6U). We estimate this cleavage to 
take place close to the equivalent of the bacterial stop codon in the evolutionarily 
conserved linker domain of Shh. An early crystallographic model of Shh reported the 
association of this linker domain of one molecule with the zinc coordination center of a 
second molecule, showing a conceivable mechanism for intermolecular self-cleavage akin 
to that of the Hh analog thermolysin (Gao et al., 8M6M; Hall, Porter, Beachy, & Leahy, 6ZZ`). 
Furthermore, the peptidase-dead mutant Shh-E6UUA forms more and bigger Shh oligomers 
(Himmelstein et al., 8M6U). Although the mechanism and function of oligomerization of 
Shh remains largely unresolved, it might hint at a possible environment for self-cleavage 
which Shh-E6UUA without peptidase function cannot resolve and escape.    
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Release of Shh from the producing cell may involve yet another removal of a part of 
Shh, either a short peptide sequence or a post-translational modification. When dynamin-
mediated endocytosis is blocked with the small-molecule inhibitor Dynasore, we detected 
a slightly larger form of Shh in the cell-only fraction but not in the medium or the ECM 
(see Chapter 8, Figure 6F). This form of Shh probably represents a short-lived form on the 
cell membrane that rapidly disappears through endocytosis and associated trimming of the 
protein. Unstable versions of Shh like the zinc coordination mutants do not have this form, 
presumably due to their degradation prior to presentation on the cell membrane. In 
Drosophila, Hh travels to the apical cell membrane and is internalized by the same cell 
prior to its release at the basolateral side of the cell, a mechanism that could represent one 
possible exit route for Shh in mammalian cells as well (Callejo et al., 8M66).  
 
Does Shh cleave Heparan-Sulfate Proteoglycans? 
Both bacterial peptidoglycans in the cell wall and proteoglycans in the ECM of multicellular 
organisms are large molecules where peptides are attached to glycans. HSPGs can bind Shh, 
thereby regulating the Hh response either positively or negatively (Capurro et al., 8MM\; 
Carrasco, Olivares, Faunes, Oliva, & Larraín, 8MM`). It is therefore possible that a functional 
conservation between BacHhs and Shh is reflected in the ability to cleave proteoglycans. 
As the peptide chains intercalating the long glycan chains in bacterial peptidoglycan are 
relatively short (a-` amino acids), BacHhs presumably exert their peptidase function close 
to the glycan chains. The HSPG Glypican ` emerged as a potential, albeit not unique, target 
for Shh-mediated cleavage as it is one of the more important HSPG core proteins affecting 
Shh distribution and signaling (Guo & Roelink, 8M6Z). Shh can bind heparan sulfate at two 
distinct sites, the Cardin-Weintraub motif close to the N-terminus and at a region in the 
globular core, that would predict a potential cleavage site close to the glycosylation sites of 
the HSPG core protein (Farshi et al., 8M66; Whalen et al., 8M6a). As multiple Shh molecules 
can bind a short stretch of heparan sulfate, the interaction of Shh and Glypican ` is 
conceivably non-stochiometric (Whalen et al., 8M6a). Intriguingly, the glycosylated serine 
residues of the Glypican ` core protein are conserved with other Glypicans and clustered 
near a stretch of acidic residues that can also be found in HS-modified Neurexins. In 
synapse formation, Neurexins have been hypothesized as potential targets for Shh function 
(Courchet & Polleux, 8M68; P. Zhang et al., 8M6\a). Neurexin a is released from the cell as a 
soluble form through cleavage by the zinc-peptidases ADAM6M and -6U between the acidic 
residues and the glycosylated serine residues (Borcel et al., 8M6_). This suggests that 
Neurexins could also be targets for the Shh peptidase and that the cleavage site could be at 
a similar location between the acidic stretch and HS-modified serine residues.  
 The possibility of a peptidase function for Shh is of great significance not only for 
the elucidation of developmental and tumor-inducing mechanisms but also for a potential 
class of new Shh inhibitors with clinical relevance. Beta-lactam antibiotics like penicillin 
are highly efficient inhibitors of DD-peptidases and a similar class of molecules could be 
used in the treatment of cancers with underlying increased Shh peptidase activity (Tipper, 
6Z\`). Robotnikinin is a potent inhibitor of the transcriptional Hh response and is 
hypothesized to bind Shh at the zinc coordination center (Hitzenberger, Schuster, & Hofer, 
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8M6U; Stanton et al., 8MMZ). It is also predicted to not interfere with Shh binding to Ptch6, 
suggesting that it might block the putative Shh peptidase activity.  
 
The lipid modifications of Shh – functional requirements or accessories? 
All Hh ligands receive two lipid modifications in the ER and Golgi, a palmitoyl moiety at 
the N-terminus and a cholesterol moiety at the C-terminus that tether them to the cell 
membrane. The palmitoylated N-terminal 88 amino acids can block Ptch6 activity, and the 
C-terminal cholesterol may have an auxiliary role in Ptch6/8 blocking via binding to an 
allosteric site in the extracellular domain of Ptch6 (Rudolf et al., 8M6Z; Tukachinsky et al., 
8M6_). Seemingly contradictory studies have shown that both the N- and C-terminus of Shh 
are removed in the process of releasing Shh from the producing cell, the shedding process 
(Jakobs et al., 8M6h; 8M6U). How can these observations be combined? The signaling context 
is presumably determinative on the form of Shh, meaning that different forms of Shh could 
exert different functions at different locations. Shh without lipid modifications is soluble 
and can either diffuse freely as a monomer or bind to HSPGs. Here, the putative peptidase 
activity could have a second role in releasing Shh from one HSPG so that it can move on to 
the next, similar to a conveyor belt. This form of Shh could potentially cover great 
distances. It can block Ptch6 activity and elicit a Hh pathway response, but the missing lipid 
modifications render it less potent (Tukachinsky et al., 8M6_). Shh in exosomes, liposomes, 
or cytonemes on the other hand is predicted to be dually lipid-modified and therefore a 
potent inhibitor of Ptch6/8 function. The distance that this form of Shh can travel, in 
particular on cytonemes, would only be several cell diameters, keeping it relatively close to 
the site of Shh expression. Hence, the different modes of transport and forms of Shh could 
provide additional information for responding cells and aid in the fine-tuning of the graded 
Hh response by increasing the difference in response to the morphogen gradient.  
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