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    Posttranslational Modifi cations and Secretion of the Hedgehog (Hh) Proteins 

 Mammalian genomes contain three homologs of the  Drosophila  Hh protein—Sonic (Shh), 
Indian (Ihh), and Desert (Dhh), encoded by separate genes [1]. All Hh proteins are auto-
processed and posttranslationally modifi ed in a similar manner before being secreted by the 
producing cell and received by surrounding tissues. Coincidentally, Hh proteins share a high 
homology in their C-terminal half, similar to the intein regions of self-splicing proteins of 
bacteria that undergo intramolecular processing. Autoprocessing occurs in the endoplasmic 
reticulum where the signal sequence of the Hh precursor is fi rst cleaved. The C-terminal 
autoprocessing domain of Hh catalyzes the self-cleavage by an internal Cys nucleophilic 
attack on a peptide bond, which is resolved by addition of a cholesterol moiety that separates 
the Hh protein in two fragments, with the N-terminal fragment (HhN) covalently bound to 
cholesterol. The C-terminal fragment (HhC) is rapidly degraded by the proteasome [2], 
while HhN is further posttranslationally modifi ed by addition of a palmitic acid group by 
skinny hedgehog (SKI) at its N-terminus before being targeted to the plasma membrane. 
Thus, active Hh proteins are dually lapidated, which makes them extremely hydrophobic. 
Release of HhN, from now on called simply Hh, to the extracellular milieu requires the 
activity of two proteins, a 12-pass transmembrane protein with homology to the Hh recep-
tor called Dispatched (DispA in vertebrates), and the secreted glycoprotein Scube2, a mem-
ber of the signal peptide, CUB, domain, epidermal growth factor-related family that is 
secreted together with Hh [3–5]. Scube2 interaction with Hh requires cholesterol modifi ca-
tion of Hh, distinct from the interaction between Dispatched and Hh. The palmitic acid 
moiety enhances the Scube2-Hh interaction while also enhancing the rate of release from 
the producing cell. Although Scube2 is absent in  Drosophila , alternative mechanisms appear 
to regulate its secretion. The lipid-binding protein Shifted (Shf), an ortholog of the Wnt 
Inhibitory Factor-1 (WIF-1) protein, works in a similar fashion as Scube2 by associating 
with cholesterol-modifi ed HhN to promote its stability and release [6]. In addition, uptake 
of Hh proteins into lipoprotein-like particles promotes long-range signaling in  Drosophila . 

 Lipidated Hh tethers to the plasma membrane with high affi nity, but it must also signal 
over long distances in order to exert its morphogenetic role on cellular differentiation dur-
ing embryonic development. Cholesterol-unmodifi ed, full-length Hh is active, but not to 
the same extent as when lipidated. Moreover, signaling by unmodifi ed Hh leads to ectopic 
expression of Hh target genes and ultimately developmental defects. A mechanism to 
explain the release of Hh from the producing cell must address the issues of solubility, sta-
bility, and activity of the protein once it is released. To address solubility, Hh may form 
oligomers that occlude the lipidated Hh in a “micelle-like” structure. A visible result of 
oligomerization is the formation of larger Hh-containing structure called visible clusters. In 
Chapter   1    , a method for stable delivery of soluble Hh proteins in cell culture that can be 
adapted for studies in vivo will be described. Other carriers of soluble cholesterol-modifi ed 
Hh have been identifi ed and include lipoprotein particles and exosomes [5]. In addition, 
specialized fi lopodia known as cytonemes have been discovered as transporters of Hh, but 
not hubs for Hh signal transduction [7]. We will describe a detailed protocol for imaging 
of cytonemes in Drosophila wing discs in Chapter   2    . To address stability, a subfamily of 
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heparin sulfate proteoglycans (HSPGs) known as glypicans may be involved at least in 
 Drosophila  where the glypican Dally is involved in stabilizing Hh at the cell surface of 
Hh-producing cells. In vertebrates, the gene  tout - velu  (ttv) is required for the generation 
of HSPG chains and also provides a link between glypicans and Hh signaling [8]. In fact, 
glypicans play multiple roles in Hh signaling. For example, the glycosaminoglycan (GAG) 
chains of Dally and another  Drosophila  glypican, Dlp, mediate oligomerization or inclusion 
of lipid-modifi ed Hh in lipoprotein particles in the  Drosophila  imaginal wing disc [9]. The 
signaling potency of Hh in vertebrates increases when lipidated. Conversely, lipidated Hh 
can only initiate juxtacrine signaling via direct cell-cell contact as it remains on the outer 
leafl et of the plasma membrane of the producing cell unless it is released into the extracel-
lular environment. The distance over which the Hh signal is transmitted is intimately associ-
ated with Hh secretion. In Chapter   3     we present a mathematical model for studying Hh 
proteins gradient formation in tissues.  

    Hedgehog Reception and Signaling 

 In the absence of Hh, the 12-pass transmembrane receptor Patched1 (Ptch1) inhibits the 
activity of a G protein-coupled receptor (GPCR) and core transducer of the pathway, 
Smoothened (Smo), by keeping it in an inactive state via an unknown mechanism. The 
inhibitory role of Ptch1 is reversed by binding of an Hh ligand with the aid of at least one 
co-receptor. Three redundant co-receptors for Hh proteins have been identifi ed: CAM- 
related/downregulated by oncogenes (Cdon), brother of Cdon (Boc), and growth arrest- 
specifi c 1 (Gas1). They are absolutely and collectively required for binding to Hh 
synergistically with Ptch1 to transmit the Hh signal, as Cdo −/− ;Boc −/− ;Gas1 −/−  triple knock-
out mice display phenotypes strongly associated with defective canonical Hh signaling and 
are unresponsive to Shh [10, 11]. Cdon and Boc are single-pass transmembrane proteins 
belonging to the immunoglobulin superfamily and share sequence homology with 
Interference Hedgehog (Ihog) and Brother of Ihog (Boi), respectively, in  Drosophila  [12, 
13]. However, according to crystallographic and biochemical studies, their mode of Hh 
binding is completely unlike that of the vertebrate co-receptors [14]. Cdon and Boc share 
redundant functions in most cell types such as in cerebellar granule neuron precursor 
(CGNP) cells that require Boc and Gas1, but not Cdon, for proliferation [15]. Gas1 is a 
glycosyl phosphatidylinositol (GPI)-anchored cell surface protein. The co-receptors act 
upstream of Smo, as upregulation of Smo activity rescues Hh pathway-mediated prolifera-
tion in Boc −/− ; Gas1 −/−  CGNPs [15]. Glypicans are also GPI-anchored proteins that act as 
co-receptors for either promoting or inhibiting Hh signaling [8]. GPC1 and GPC3 are 
negative regulators of the Hh pathway, both interact with low-density lipoprotein receptor- 
related protein-1 (LRP1), and the interaction is stabilized in the presence of Hh. This sta-
bilization induces endocytosis and degradation of the glypican–Hh complex. In addition, 
GPC3 competes with Ptch1 for Hh binding. GPC5 and GPC6 are positive regulators of 
the Hh pathway, as loss-of-function mutations in GPC6 contributes to autosomal recessive 
omodysplasia, and upregulation of GPC5 contributes to rhabdomyosarcoma, an 
Hh-dependent type of cancer [8]. 

 Sequence similarity and crystallographic evidence support the notion that Smo belongs 
to the GPCR superfamily. The spatial organization of Smo’s 7-pass transmembrane helical 
bundle resembles that of class A GPCRs; however, Smo lacks conserved residues in helix VI 
that are critical for facilitating the active state conformation in this GPCR subfamily [16, 17]. 
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Interestingly, Smo shows high sequence homology to the Frizzled (FZD) family of 
 receptors, members of class F GPCRs, in particular with the FZD cysteine-rich domain 
(CRD) that contains a hydrophobic groove to which cholesterol-like moieties bind [17]. 
Thus, Smo has been classifi ed as a member of the class F GPCR subfamily [18].  Drosophila  
Smo also shares the GPCR-like heptahelical bundle; however the structures of vertebrate 
and invertebrate Smo proteins have diverged as they share low sequence homology [19]. 

 Both  Drosophila  and vertebrate Smo couple to heterotrimeric G inhibitory proteins 
(Gi) [20, 21]. Evidence of Smo-Gi coupling in vertebrates derived from direct measure-
ments of Smo-catalyzed exchange of GDP for GTP in all members of the Gi family [20]. 
These experiments showed constitutive activity of Smo toward Gi proteins in the absence 
of ligand and demonstrated that several Smo inhibitors act as inverse agonists preventing 
activation of Gi by constitutively active Smo [20]. A detailed description of the protocol to 
quantify the level of Smo coupling to G proteins is provided in Chapter   4    . In addition, 
studies in cell culture using NIH3T3 cells, fi broblasts that respond readily to Hh proteins 
and that will be discussed in several chapters in this book, showed that pertussis toxin 
(PTX), a protein that disrupts coupling of GPCRs to Gi proteins, prevents many cellular 
responses to Shh and serves as a tool to study Smo-Gi-dependent processes. The most 
studied function of Gi proteins is inhibition of adenylyl cyclase and concomitant reduction 
in cytosolic cAMP levels. Accordingly, activation of Gi by Smo decreases the concentration 
of intracellular cAMP to a comparable extent than other prototypical Gi-coupled GPCRs 
[22]. The relevance of GPCRs and G proteins in Hh signaling continues to be more appre-
ciated as recent evidence supports the role of the orphan GPCR Gpr161 in the cell-specifi c 
regulation of basal Hh signaling repression [23]. 

 The canonical Hh pathway regulates the activity of the transcription factor Cubitus 
interruptus (Ci) in  Drosophila  and its three vertebrate orthologs glioma-associated  oncogene 
homolog (Gli) transcription factors according to the degree of Smo activation [1]. A direct 
consequence of increasing Hh concentration is the stepwise phosphorylation of the Smo 
C-terminal tail (C-tail) by casein kinase 1 alpha (CK1α) and G protein-coupled receptor 
kinase 2 (GRK2) in vertebrates and by CK1α and protein kinase A (PKA) in  Drosophila  [24, 
25]. A protocol for studying the phosphorylation events and its functional consequences is 
provided in Chapter   5    . Phosphorylation of the C-tail of Smo leads to a conformational 
change that brings the C-tails of two Smo monomers together to form a functional dimer 
[26]. A method for analysis of Smo conformational changes is presented in Chapter   6    . 
Activation of Smo correlates with its traffi cking from intracellular vesicles to the plasma 
membrane in  Drosophila  and to the primary cilium in vertebrates [27, 28]. Smo transloca-
tion to the primary cilium requires the intrafl agellar transport (IFT) protein complex com-
ponent Kif3a, along with β-arrestins [29]. GRK2 phosphorylation creates docking sites for 
recruitment of β-arrestin 2 (βarr2) to active Smo at the plasma membrane [30]. Smo ciliary 
localization is not suffi cient for activation of Gli, as it must undergo a second unknown 
activation step before it signals the activation of Gli at the primary cilium [31, 32]. Once 
activated by Smo, full-length activated Gli (Gli A ) isoforms translocate to the nucleus 
where they activate the transcription of Hh target genes. Hh responsive genes are depen-
dent either on Gli A  activity or on the de-repression of Gli R  activity [33]. The activation of 
Gli is intimately associated with the presence of the primary cilium, as full-length Gli must 
accumulate at the primary cilium along with the ciliary localization of active Smo in order 
for Gli activation to occur [34, 35]. The accumulation of Gli at primary cilia is PKA sensi-
tive [34]. In Chapters   7     and   8    , we present protocols for evaluation of transcriptional activ-
ity of the Gli transcription factors in cell culture and to determine the expression level of 
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endogenous Gli proteins, which in the case of Gli1 serves as readout of canonical  pathway 
activation, since it is the most sensitive Hh-target gene. 

 Ci activation in  Drosophila  requires the interaction between the C-terminal tail of the 
active Smo dimer and a Hh signaling complex (HSC) containing the kinase fused (Fu), the 
microtubule-binding protein costal2 (Cos2), suppressor of fused (Sufu), and Ci [36]. 
Interaction between Smo and the HSC results in: (1) autoactivation of Fu, (2) phosphory-
lation of Cos2, and (3) dissociation of Ci from the HSC. Autoactivation of Fu is required 
to antagonize the inhibitory activity of Sufu, whereas the dissociation of Ci from the HSC 
leads to its nuclear translocation by an unknown mechanism to activate Ci-target genes 
[37]. Thus, the relative stoichiometry among the HSC proteins is expected to govern Ci 
activation. A protocol for absolute quantifi cation of different proteins of the Hh pathway is 
presented in Chapter   9    . 

 In both  Drosophila  and vertebrates, in the absence of Hh ligands, Ci/Gli are kept in an 
inactive state by partial processing into transcriptional repressor forms, Ci R /Gli R . 
Phosphorylation by PKA at several sites initiates Gli R  formation at the base of the primary 
cilium, and Sufu forms a complex with Gli to prevent its translocation of Gli at the ciliary 
tip [38]. In Drosophila, Ci sequestration in the HSC allows PKA to initiate Ci R  formation. 
In order to signal partial proteolysis, PKA must phosphorylate Ci/Gli in several phosphor-
ylation site clusters as complete loss of PKA catalytic activity is correlated with ligand- 
independent Hh pathway activation, and elevated intracellular cAMP levels are correlated 
with suppression of the Hh pathway [1, 33]. Phosphorylation of the fi rst four out of six 
conserved Ser residues at the carboxyl side of the DNA-binding domain of Ci/Gli by PKA 
leads to further posttranslational modifi cations by glycogen synthase kinase-3 (GSK3) and 
casein kinase-1 (CK1) [39–41] and partial proteasomal processing. A protocol for determi-
nation of inhibitory and stimulatory phosphorylation of Gli2 is presented in Chapter   10    , 
and a protocol for generating Gli2 and Gli3 with mutated phosphorylation sites expressed 
at near-endogenous levels is detailed in Chapter   11    . 

 Full-length Ci/Gli in their active form are short-lived [33, 39]. In vertebrates, the Itch 
E3 ubiquitin ligase of the HECT family (also known as AIP4) ubiquitylates and targets Gli1 
for total proteasomal degradation [42, 43]. The high promiscuity among E3 ligases and 
substrates predicts that in a context-specifi c manner, other E3 ligases might also regulate 
the turnover of the Ci/Gli transcription factors. In Chapter   12    , we detail a protocol to 
investigate ubiquitylation of Gli family proteins by Itch that can be adapted to test other 
ligases and the type of ubiquitin chain branching. Another modifi cation that inhibits Gli1 
and Gli2 transcriptional activity in a reversible manner is acetylation by histone acetyltrans-
ferases (HATs) [44]. A method for evaluating the degree of Gli1 and Gli2 acetylation/
deacetylation is detailed in Chapter   13    . 

 Evaluation of Hh pathway activity in mammalian embryonic tissues has mostly been 
accomplished by in situ hybridization of Hh-target genes, such as  gli1  and  ptch1 , and by 
immunostaining of Hh ligands in those tissues that allow proper permeabilization main-
taining the morphology. A novel method for evaluation of Ihh expression in the bone in 
chick embryos is presented in Chapter   14    . In mice, the generation of a Ptc1 +/lacZ  heterozy-
gote model served as reporter of canonical Hh signaling activity using β-gal staining of 
tissues as readout, since  ptc1  is a classical target gene. This was extremely useful to study 
Hh-responsive tissues during embryogenesis but has not been exploited as a common 
method to study Hh signaling in adult mouse tissues. Here we present a method for dual 
staining of β-gal and Shh in hematoxylin-eosin counterstained skin sections from Ptc1 +/lacZ  
mice (Chapter   15    ).  
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    Noncanonical Hh Signaling 

 Smo and Ptch1 are central components of the Hh pathway that leads to slow, graded activa-
tion of Gli (canonical signaling) but they can also initiate fast, nontranscriptional cellular 
responses collectively known as noncanonical Hh signaling [1, 45]. Overexpression of 
Ptch1 promotes cell death through its C-terminal domain and retains cyclin B1 out of the 
nucleus through its third intracellular loop, effectively slowing cell cycle progression [46, 
47]. These functions of Ptch1 are independent of Smo and the Gli transcription factors and 
are classifi ed as “Type I” noncanonical signaling [45]. The seventh intracellular domain of 
Ptch1, its C-terminal tail, recruits adaptor proteins and pro-caspase-9, which self-activates 
by oligomerization and induces apoptosis [48]. Importantly, Shh disrupts the Ptch1- 
proapoptotic complex interaction and promotes survival, as seen in endothelial cells [49]. 

 Noncanonical Hh signaling Type II is mediated by Smo but is independent of Gli acti-
vation/repression. The ability of Smo to couple to Gi proteins is central to this branch of 
Hh signaling. It appears that Smo can activate Gi both within and outside of the primary 
cilium. For instance, Smo-Gi coupling in adipocytes and skeletal muscle stimulates aerobic 
glycolysis, glucose uptake, and calcium increase [50]. A protocol to study these metabolic 
effects of noncanonical Hh signaling is provided in Chapter   16    . A similar primary-cilium 
localized activation of Gi by Smo regulates calcium spike activity in spinal neuron precur-
sors [51]. In contrast, Smo-Gi coupling can occur outside of the primary cilium, as has 
been reported during activation of small Rho GTPases in fi broblasts and endothelial cells 
and of Src family kinases in neurons [52–54]. 

 A comprehensive understanding of the Hh pathway and its functions in development 
and disease needs the consideration of both canonical and noncanonical responses. This 
Edition of Hedgehog Signaling Protocols provides novel protocols for the study of newly 
discovered functions and modifi cations of components of the Hh pathway.  

     Philadelphia, PA, USA     Lan     Ho   
       Natalia     A.     Riobo     

   References 

     1.    Robbins D, Feng D, Riobo NA (2012) The 
Hedgehog signaling network. Sci Signal 4 pt, 7   

   2.    Chen X, Tukachinsky H, Huang CH, Jao C, 
Chu YR, Tang HY, et al. (2011) Processing and 
turnover of the Hedgehog protein in the endo-
plasmic reticulum. J Cell Biol 192: 825–838   

   3.    Tukachinsky H, Kuzmickas RP, Jao CY, Liu J, 
Salic A (2012) Dispatched and scube mediate 
the effi cient secretion of the cholesterol- 
modifi ed hedgehog ligand. Cell Rep 2(2): 
308–820   

   4.    Creanga A, Glenn TD, Mann RK, Saunders 
AM, Talbot WS, Beachy PA (2012) Scube/
You activity mediates release of dually lipid-
modifi ed Hedgehog signal in soluble form. 
Genes Dev 26(12): 1312–1325.   

   5.    Briscoe J, Thérond PP (2013) The mecha-
nisms of Hedgehog signalling and its roles in 

development and disease. Nat Rev Mol Cell 
Biol 14: 416–429   

   6.    Glise B, Miller CA, Crozatier M, Halbisen 
MA, Wise S, Olson DJ, et al. (2005) Shifted, 
the Drosophila ortholog of Wnt inhibitory 
factor-1, controls the distribution and move-
ment of Hedgehog. Dev Cell 8(2): 
255–266   

   7.    Gradilla AC, Guerrero I (2013) Hedgehog on 
the move: a precise spatial control of Hedgehog 
dispersion shapes the gradient. Curr Opin 
Genet Dev 23: 363–373   

   8.    Filmus J, Capurro M (2014) The role of glypi-
cans in Hedgehog signaling. Matrix Biol. 35: 
248–252   

   9.    Gallet A, Staccini-Lavenant L, Thérond PP 
(2008) Cellular traffi cking of the glypican 
Dally-like is required for full-strength 

Preface 

http://dx.doi.org/10.1007/978-1-4939-2772-2_16


x

Hedgehog signaling and Wingless transcytosis. 
Dev Cell 14(5): 712–725.   

   10.    Allen BL, Song JY, Izzi L, Althaus IW, Kang 
JS, et al. (2011) Overlapping roles and collec-
tive requirement for the coreceptors GAS1, 
CDO, and BOC in SHH pathway function. 
Dev Cell 20: 775–787.   

   11.    Izzi L, Lévesque M, Morin S, Laniel D, Wilkes 
BC, Mille F, et al. (2011) Boc and Gas1 each 
form distinct Shh receptor complexes with 
Ptch1 and are required for Shh-mediated cell 
proliferation. Dev Cell 20: 788–801   

   12.    Yao S, Lum L, Beachy PA (2006) The ihog 
cell-surface proteins bind Hedgehog and medi-
ate pathway activation. Cell 125: 343–357   

   13.    McLellan JS, Yao S, Zheng X, Geisbrecht BV, 
Ghirlando R, Beachy PA, Leahy DJ (2007) 
Structure of a heparin-dependent complex of 
Hedgehog and Ihog. Proc Natl Acad Sci USA 
103: 17208–17213   

   14.    McLellan JS, Zheng X, Hauk G, Ghirlando O, 
Beachy PA, Leahy DJ (2008) The mode of 
Hedgehog binding to Ihog homologues is not 
conserved across different phyla. Nature 455: 
979–983   

   15.    Barzi M, Kostrz D, Menendez A, Pons S 
(2011) Sonic Hedgehog-induced proliferation 
requires specifi c Gα inhibitory proteins. J Biol 
Chem 286: 8067–8074   

   16.    Wang C, Wu H, Katritch V, Han GW, Huang 
XP, Liu W, et al. (2013) Structure of the human 
smoothened receptor bound to an antitumour 
agent. Nature 497: 338–343   

   17.    Nachtergaele S, Whalen DM, Mydock LK, 
Zhao Z, Malinauskas T, Krishnan K, et al. 
(2013) Structure and function of the smooth-
ened extracellular domain in vertebrate 
Hedgehog signaling. Elife 2: e01340   

   18.    Kristiansen K (2004) Molecular mechanisms of 
ligand binding, signaling, and regulation 
within the superfamily of G-protein-coupled 
receptors: molecular modeling and mutagene-
sis approaches to receptor structure and func-
tion. Pharmacol Ther 103(1): 21–80   

   19.    Varjosalo M, Li S, Taipale J (2006) Divergence 
of hedgehog signal transduction mechanism 
between Drosophila and mammals. Dev Cell 
10: 177–186   

   20.    Riobo NA, Saucy B, DiLizio C, Manning, DR 
(2006) Activation of heterotrimeric G proteins 
by Smoothened. Proc Nat Acad Sci USA 103: 
12607–12612.   

   21.    Ogden SK, Fei DL, Schilling NS, Ahmed YF, 
Hwa J, Robbins DJ (2008) G protein Galphai 
functions immediately downstream of smooth-
ened in Hedgehog signaling. Nature 456: 
967–970.   

   22.    Shen F, Cheng L, Douglas AE, Riobo NA, 
Manning DR (2013) Smoothened is a fully 

competent activator of the heterotrimeric G 
protein G(i). Mol Pharmacol 83: 691–697   

   23.    Mukhopadhyay S, Wen X, Ratti N, Loktev A, 
Rangell L, Scales SJ, Jackson PK. (2013) The 
ciliary G-protein-coupled receptor Gpr161 
negatively regulates the sonic hedgehog 
pathway via cAMP signaling. Cell 152:
210–223.   

   24.    Chen Y, Sasai N, Ma G, Yue T, Jia J, Briscoe J, 
Jiang, J (2011) Sonic Hedgehog dependent 
phosphorylation by CK1α and GRK2 is 
required for ciliary accumulation and activation 
of smoothened. PLoS One 9: e1001083   

   25.    Fan J, Liu Y, Jia J (2012) Hh-induced 
Smoothened conformational switch is medi-
ated by differential phosphorylation at its 
C-terminal tail in a dose- and position-depen-
dent manner. Dev Biol 366(2): 172–184   

   26.    Zhao Y, Tong C, Jiang J (2007) Hedgehog 
regulates smoothened activity by inducing a 
conformational switch. Nature 450(7167): 
252–258   

   27.    Corbit KC, Aanstad P, Singla V, Norman AR, 
Stainier DY, Reiter JF (2005) Vertebrate 
smoothened functions at the primary cilium. 
Nature 437(7061): 1018–1021   

   28.    Denef N, Neubüser D, Perez L, Cohen SM 
(2000) Hedgehog induces opposite changes in 
turnover and subcellular localization of patched 
and smoothened. Cell 102(4): 521–531   

   29.    Kovacs JJ, Whalen EJ, Liu R, Xiao K, Kim J, 
Chen M, et al. (2008) Beta-arrestin-mediated 
localization of smoothened to the primary cil-
ium. Science 320: 1777–17781   

   30.    Chen W, Ren XR, Nelson CD, Barak LS, Chen 
JK, Beachy PA, et al. (2004) Activity- dependent 
internalization of smoothened mediated by 
beta-arrestin 2 and GRK2. Science 306: 
2257–2260   

   31.    Wilson CW, Chen MH, Chuang PT (2009) 
Smoothened adopts multiple active and inac-
tive conformations capable of traffi cking to the 
primary cilium. PLoS One 4: e5182   

   32.    Rohatgi R, Milenkovic L, Corcoran RB, Scott 
MP (2009) Hedgehog signal transduction by 
smoothened: pharmacologic evidence for a 
2-step activation process. Proc Natl Acad Sci 
USA 106: 3196–3201   

   33.    Hui CC, Angers S (2011) Gli proteins in devel-
opment and disease. Annu Rev Cell Dev Biol 
27: 513–537   

   34.    Kim J, Kato M, Beachy PA (2009) Gli2 traf-
fi cking links Hedgehog-dependent activation 
of smoothened in the primary cilium to tran-
scriptional activation in the nucleus. Proc Natl 
Acad Sci USA 106: 21666–21671   

   35.    Wen X, Lai CK, Evangelista M, Hongo J, de 
Sauvage FJ, Scales SJ (2010) Kinetics of hedge-
hog-dependent full-length Gli3 accumulation 

Preface 



xi

in primary cilia and subsequent degradation. 
Mol Cell Biol 30: 1910–1922   

   36.    Ogden SK, Ascano M Jr, Stegman MA, Suber 
LM, Hooper JE, Robbins DJ (2003) 
Identifi cation of a functional interaction 
between the transmembrane protein 
Smoothened and the kinesin-related protein 
Costal2. Curr Biol 13(22): 1998–2003   

   37.    Farzan SF, Stegman MA, Ogden SK, Ascano M 
Jr, Black KE, Tacchelly O, Robbins DJ (2009) 
A quantifi cation of pathway components sup-
ports a novel model of Hedgehog signal trans-
duction. J Biol Chem 284(42): 28874–28884   

   38.    Tuson M, He M, Anderson KV (2011) Protein 
kinase A acts at the basal body of the primary 
cilium to prevent Gli2 activation and ventral-
ization of the mouse neural tube. Development 
138: 4921–4930   

   39.    Wang B, Fallon JF, Beachy PA (2000) 
Hedgehog-regulated processing of Gli3 pro-
duces an anterior/posterior repressor gradient 
in the developing vertebrate limb. Cell 100(4): 
423–434   

   40.    Riobo NA, Lu K, Ai X, Haines GM, Emerson 
CP Jr. (2006) Phosphoinositide 3-kinase and 
Akt are essential for Sonic Hedgehog signaling. 
Proc Natl Acad Sci U S A 103(12): 4505–4510   

   41.    Niewiadomski P, Kong JH, Ahrends R, Ma Y, 
Humke EW, Khan S, et al. (2014) Gli protein 
activity is controlled by multisite phosphoryla-
tion in vertebrate Hedgehog signaling. Cell 
Rep 6(1): 168–181   

   42.    Di Marcotullio L, Ferretti E, Greco A, De 
Smaele E, Po A, Sico MA, et al. (2006) Numb 
is a suppressor of Hedgehog signalling and tar-
gets Gli1 for Itch-dependent ubiquitination. 
Nat Cell Biol 8(12): 1415–1423   

   43.    Di Marcotullio L, Greco A, Mazzà D, 
Canettieri G, Pietrosanti L, et al. (2011) Numb 
activates the E3 ligase Itch to control Gli1 
function through a novel degradation signal. 
Oncogene 30(1): 65–76   

   44.    Coni S, Antonucci L, D’Amico D, Di Magno L, 
Infante P, De Smaele E, et al. (2013) Gli2 acety-
lation at lysine 757 regulates hedgehog- 
dependent transcriptional output by preventing 
its promoter occupancy. PLoS One 8(6): e65718   

   45.    Brennan D, Chen X, Cheng L, Mahoney MG, 
Riobo NA (2012) Noncanonical Hedgehog 
signaling. Vitam Horm 88: 55–72   

   46.    Thibert C, Teillet MA, Lapointe F, Mazelin L, 
Le Douarin NM, Mehlen P (2003) Inhibition 
of neuroepithelial patched-induced apoptosis 
by sonic hedgehog. Science 301(5634): 
843–846   

   47.    Barnes EA, Kong M, Ollendorff V, Donoghue 
DJ (2001) Patched1 interacts with cyclin B1 to 
regulate cell cycle progression. EMBO J 20(9): 
2214–2223   

   48.    Mille F, Thibert C, Fombonne J, Rama N, 
Guix C, Hayashi H, et al. (2009) The patched 
dependence receptor triggers apoptosis 
through a DRAL-caspase-9 complex. Nat Cell 
Biol 11: 739–746   

   49.    Chinchilla P, Xiao L, Kazanietz MG, Riobo NA 
(2010) Hedgehog proteins activate pro-angio-
genic responses in endothelial cells through 
non-canonical signaling pathways. Cell Cycle 
9(3): 570–579   

   50.    Teperino R, Aberger F, Esterbauer H, 
Riobo N, Pospisilik JA (2014) Canonical and 
non-canonical Hedgehog signalling and the 
control of metabolism. Semin Cell Dev Biol 
33: 81–92   

   51.    Belgacem YH, Borodinsky LN (2011) Sonic 
hedgehog signaling is decoded by calcium 
spike activity in the developing spinal cord. 
Proc Natl Acad Sci USA 108(11): 4482–4487   

   52.    Polizio AH, Chinchilla P, Chen X, Kim S, 
Manning DR, Riobo NA (2011) Heterotrimeric 
Gi proteins link Hedgehog signaling to 
 activation of Rho small GTPases to promote 
fi broblast migration. J Biol Chem 286(22): 
19589–19596   

   53.    Polizio AH, Chinchilla P, Chen X, Manning 
DR, Riobo NA (2011) Sonic Hedgehog acti-
vates the GTPases Rac1 and RhoA in a Gli-
independent manner through coupling of 
smoothened to Gi proteins. Sci Signal 4(200): 
pt7   

   54.    Yam PT, Langlois SD, Morin S, Charron F 
(2009) Sonic hedgehog guides axons through 
a noncanonical, Src-family-kinase-dependent 
signaling pathway. Neuron 62(3): 349–362       

Preface 



http://www.springer.com/978-1-4939-2771-5


