
Hedgehog 'on' state

Gillespie, ME., Liu, Y C., Rothfels, K.

European Bioinformatics Institute, New York University Langone Medical Center, Ontario Institute for Cancer 
Research, Oregon Health and Science University.

The contents of this document may be freely copied and distributed in any media, provided the authors, plus the 
institutions, are credited, as stated under the terms of Creative Commons Attribution 4.0 International (CC BY 4.0) 

License. For more information see our license.

This is just an excerpt of a full-length report for this pathway. To access the complete report, please download it at 
the Reactome Textbook.

25/04/2024

https://reactome.org Page 1

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://reactome.org/license
https://reactome.org/download/current/TheReactomeBook.pdf.tgz
https://reactome.org


Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations 
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many 
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary 
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining 
knowledge from genomic studies, and by systems biologists building predictive models of normal and disease 
variant pathways. 
The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751), 
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European 
Molecular Biology Laboratory (EBI Industry program).
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Hedgehog 'on' state ↗

Stable identifier: R-HSA-5632684

Hedgehog is a secreted morphogen that has evolutionarily conserved roles in body organization by regulating the 
activity of the Ci/Gli transcription factor family. In Drosophila in the absence of Hh signaling, full-length Ci is 
partially degraded by the proteasome to generate a truncated repressor form that translocates to the nucleus to 
represses Hh-responsive genes. Binding of Hh ligand to the Patched (PTC) receptor allows the 7-pass 
transmembrane protein Smoothened (SMO) to be activated in an unknown manner, disrupting the partial proteolysis 
of Ci and allowing the full length activator form to accumulate (reviewed in Ingham et al, 2011; Briscoe and 
Therond, 2013).  
While many of the core components of Hh signaling are conserved from flies to humans, the pathways do show 
points of significant divergence. Notably, the human genome encodes three Ci homologues, GLI1, 2 and 3 that each 
play slightly different roles in regulating Hh responsive genes. GLI3 is the primary repressor of Hh signaling in 
vertebrates, and is converted to the truncated GLI3R repressor form in the absence of Hh. GLI2 is a potent activator 
of transcription in the presence of Hh but contributes only minimally to the repression function. While a minor 
fraction of GLI2 protein is processed into the repressor form in the absence of Hh, the majority is either fully 
degraded by the proteasome or sequestered in the full-length form in the cytosol by protein-protein interactions. 
GLI1 lacks the repression domain and appears to be an obligate transcriptional activator (reviewed in Briscoe and 
Therond, 2013). 
Vertebrate but not fly Hh signaling also depends on the movement of pathway components through the primary 
cilium. The primary cilium is a non-motile microtubule based structure whose construction and maintenance depends 
on intraflagellar transport (IFT). Anterograde IFT moves molecules from the ciliary base along the axoneme to the 
ciliary tip in a manner that requires the microtubule-plus-end directed kinesin KIF3 motor complex and the IFT-B 
protein complex, while retrograde IFT back to the ciliary base depends on the minus-end directed dynein motor and 
the IFT-A complex. Genetic screens have identified a number of cilia-related proteins that are required both to 
maintain Hh in the 'off' state and to transduce the signal when the pathway is activated (reviewed in Hui and Angers, 
2011; Goetz and Anderson, 2010).
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Ligand-receptor interactions ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5632681

Repression of Hh signaling in the absence of ligand depends on the transmembrane receptor protein Patched 
(PTCH), which inhibits Smoothened (SMO) activity by an unknown mechanism. This promotes the proteolytic 
processing and/or degradation of the GLI family of transcription factors and maintains the pathway in a 
transcriptionally repressed state (reviewed in Briscoe and Therond, 2013). In the absence of ligand, PTCH is 
localized in the cilium, while SMO is largely concentrated in intracellular compartments. Upon binding of Hh to the 
PTCH receptor, PTCH is endocytosed, relieving SMO inhibition and allowing it to accumulate in the primary cilium 
(Marigo et al, 1996; Chen and Struhl, 1996; Stone et al, 1996; Rohatgi et al, 2007; Corbit et al, 2005; reviewed in 
Goetz and Anderson, 2010). In the cilium, SMO is activated by an unknown mechanism, allowing the full length 
transcriptional activator forms of the GLI proteins to accumulate and translocate to the nucleus, where they bind to 
the promoters of Hh-responsive genes (reviewed in Briscoe and Therond, 2013).  
In addition to PTCH, three additional membrane proteins have been shown to bind Hh and to be required for Hh-
dependent signaling in vertebrates: CDON (CAM-related/downregulated by oncogenes), BOC (brother of CDO) and 
GAS1 (growth arrest specific 1) (Yao et al, 2006; Okada et al, 2006; Tenzen et al, 2006; McLellan et al, 2008; 
reviewed in Kang et al, 2007; Beachy et al, 2010; Sanchez-Arrones et al, 2012). CDON and BOC, homologues of 
Drosophila Ihog and Boi respectively, are evolutionarily conserved transmembrane glycoproteins that have been 
shown to bind both to Hh ligand and to the canonical receptor PTCH to promote Hh signaling (Okada et al, 2006; 
Yao et al, 2006; Tenzen et al, 2006, McLellan et al, 2008; Izzi et al, 2011; reviewed in Sanchez-Arrones et al, 2012). 
Despite the evolutionary conservation, the mode of ligand binding by CDON/Ihog and BOC/Boi is distinct in 
vertebrates and invertebrates. High affinity ligand-binding by CDON and BOC requires Ca2+, while invertebrate 
ligand-binding is heparin-dependent (Okada et al, 2006; Tenzen et al, 2006; McLellan et al, 2008; Yao et al, 2006; 
Kavran et al, 2010). GAS1 is a vertebrate-specific GPI-anchored protein that similarly binds both to Hh ligand and to 
the PTCH receptor to promote Hh signaling (Martinelli and Fan, 2007; Izzi et al, 2011; reviewed in Kang et al, 
2007). CDON, BOC and GAS1 have partially overlapping but not totally redundant roles, and knock-out of all three 
is required to abrogate Hh signaling in mice (Allen et al, 2011; Izzi et al, 2011; reviewed in Briscoe and Therond, 
2013).
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SMURF1/2 bind PTCH1 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5632646

Type: binding

Compartments: ciliary membrane

Inferred from: Smurf1/2 bind Ptch1 (Mus musculus)

Hh stimulation promotes PTCH1 clearance from the primary cilium to endocytic compartments (Rohatgi et al, 2007; 
reviewed in Nowaza et al, 2013). Receptor internalization is required for pathway activation, and additionally limits 
the duration and range of Hh signaling by sequestering the ligand inside the cell (Rohatgi et al, 2007; Incardona et al, 
2000; Incardona et al, 2002; Denef et al, 2000; Huang et al, 2013; Yue et al, 2014). Upon Hh pathway activation, the 
E3 ligases SMURF1 and SMURF2 bind to two PPXY motifs in the C-terminal tail of PTCH1 to promote its 
ubiquination, endocytosis and degradation. In Drosophila, SMURF-mediated ubiquitination of PTCH is depends on 
an interaction between SMURF and activated SMO, but this does not appear to be true in vertebrates where PTCH1 
turnover is SMO-independent (Yue et al, 2014; Huang et al, 2013; Lu et al, 2006). In flies, SMURF-dependent 
ubiquitination preferentially downregulates ligand-unbound receptor and is thus believed to regulate downstream 
signaling by altering the ratio of bound to unbound receptor on the cell surface; this aspect of PTCH1 
downregulation has not been examined in detail in vertebrate cells (Huang et al, 2013; Casali and Struhl, 2004; Yue 
et al, 2014).

Followed by: SMURF1/2 ubiquitinates PTCH1
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SMURF1/2 ubiquitinates PTCH1 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5632648

Type: transition

Compartments: ciliary membrane

Inferred from: Smurf1/2 ubiquitinates Ptch1 (Mus musculus)

SMURF 1 and 2 are required in a redundant manner for the ligand-dependent ubiquitination of the C-terminal tail of 
PTCH. Ubiquitination is required for PTCH1 clearance from the primary cilium to endocytic compartments for 
degradation, allowing downstream pathway activation (Rohatgi et al, 2007; Yue et al, 2014; Huang et al, 2013).

Preceded by: SMURF1/2 bind PTCH1

Followed by: SMURF1/2 dissociates from ub-PTCH1

Literature references
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SMURF1/2 dissociates from ub-PTCH1 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635865

Type: dissociation

Compartments: ciliary membrane

After ubiquitinating PTCH1, the SMURF E3 ligase presumably dissociates, although this has not been studied in 
detail (Huang et al, 2013; Yue et al, 2014).

Preceded by: SMURF1/2 ubiquitinates PTCH1

Followed by: PTCH is internalized
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PTCH is internalized ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5632677

Type: omitted

Compartments: ciliary membrane

After SMURF-dependent ubiquitination, PTCH1 is internalized to endocytic vesicles for degradation (Rohatgi et al, 
2007; Huang et al, 2013; Yue et al, 2014). PTCH1 and SMO show reciprocal changes in localization upon Hh 
pathway activation, with PTCH moving from the primary cilium to internal vesicles while SMO becomes enriched in 
the primary cilium after ligand binding (Denef et al, 2000; Rohatgi et al, 2007; Corbit et al, 2005; Kovacs et al, 2008; 
reviewed in Goetz and Anderson). In mice, internalization of PTCH1 appears to be independent of SMO, while in 
flies, activated SMO is required to promote the SMURF-dependent downregulation of PTCH (Yue et al, 2014; 
Huang et al, 2013).

Preceded by: SMURF1/2 dissociates from ub-PTCH1

Literature references
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GPR161 is internalized ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635102

Type: omitted

Compartments: endocytic vesicle membrane, ciliary membrane

Hh signaling promotes the removal of the orphan G protein coupled receptor GPR161 from the cilium (Rohatgi et al, 
2007). GPR161 is a negative regulator of Hh signaling that is recruited to the cilium through interaction with TULP3 
(Mukhopadhyay et al, 2010; Mukhopadhyay et al, 2013). GPR161 thought to act by locally increasing the cAMP 
levels, promoting PKA activity and thereby favouring the production of the repressor form of the GLI proteins in the 
absence of Hh ligand. Consistent with this, deletion of GPR161 results in ectopic pathway activation 
(Mukhopadhyay et al, 2013). The decrease in PKA activity in the cilium after clearance of GPR161 from the ciliary 
membrane may contribute to the dissociation of the GLI:SUFU complex upon pathway activation, although this 
remains to formally demonstrated (Humke et al, 2010; Tukachinsky et al, 2010; reviewed in Mukhopadhyay et al, 
2014).
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Activation of SMO ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635838

Activation of the transmembrane protein SMO in response to Hh stimulation is a major control point in the Hh 
signaling pathway (reviewed in Ayers and Therond, 2010; Jiang and Hui, 2008). In the absence of ligand, SMO is 
inhibited in an unknown manner by the Hh receptor PTCH. PTCH regulates SMO in a non-stoichiometric manner 
and there is little evidence that endogenous PTCH and SMO interact directly (Taipale et al, 2002; reviewed in 
Huangfu and Anderson, 2006). PTCH may regulate SMO activity by controlling the flux of sterol-related SMO 
agonists and/or antagonists, although this has not been fully substantiated (Khaliullina et al, 2009; reviewed in 
Rohatgi and Scott, 2007; Briscoe and Therond, 2013). 
 
PTCH-mediated inhibition of SMO is relieved upon ligand stimulation of PTCH, but the mechanisms for this relief 
are again unknown. SMO and PTCH appear to have opposing localizations in both the 'off' and 'on' state, with PTCH 
exiting and SMO entering the cilium upon Hh pathway activation (Denef et al, 2000; Rohatgi et al, 2007; reviewed 
in Goetz and Anderson, 2010; Hui and Angers, 2011). Activation of SMO involves a conserved phosphorylation-
mediated conformational change in the C-terminal tails that destabilizes an intramolecular interaction and promotes 
the interaction between adjacent tails in the SMO dimer. In Drosophila, this phosphorylation is mediated by PKA 
and CK1, while in vertebrates it appears to involve ADRBK1/GRK2 and CSNK1A1. Sequential phosphorylations 
along multiple serine and threonine motifs in the SMO C-terminal tail appear to allow a graded response to Hh 
ligand concentration in both flies and vertebrates (Zhao et al, 2007; Chen et al, 2010; Chen et al, 2011). In flies, Smo 
C-terminal tail phosphorylation promotes an association with the Hedgehog signaling complex (HSC) through 
interaction with the scaffolding kinesin-2 like protein Cos2, activating the Fu kinase and ultimately releasing 
uncleaved Ci from the complex (Zhang et al, 2005; Ogden et al, 2003; Lum et al, 2003; reviewed in Mukhopadhyay 
and Rohatgi, 2014). In vertebrates, SMO C-terminal tail phosphorylation and conformational change is linked to its 
KIF7-dependent ciliary accumulation (Chen et al, 2011; Zhao et al, 2007; Chen et al, 2010). In the cilium, SMO is 
restricted to a transition-zone proximal region known as the EvC zone (Yang et al, 2012; Blair et al, 2011; Pusapati 
et al, 2014; reviewed in Eggenschwiler 2012). Both SMO phosphorylation and its ciliary localization are required to 
promote the Hh-dependent dissociation of the GLI:SUFU complex, ultimately allowing full-length GLI transcription 
factors to translocate to the nucleus to activate Hh-responsive genes (reviewed in Briscoe and Therond, 2013). 
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GLI proteins bind SUFU ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5610723

Type: binding

Compartments: cytosol

Vertebrate SUFU plays a critical role in the negative regulation of Hh signaling in the absence of ligand. Disruption 
of SUFU causes constitutive activation of the pathway, and is associated with the development of medulloblastoma 
in humans (Cooper et al, 2005; Svard et al, 2006; Taylor et al, 2002; Pastorino et al, 2009). SUFU binds directly to 
all three GLI proteins (Pearse et al, 1999; Stone et al, 1999; Jia et al, 2009; Svard et al, 2006). Formation of a 
SUFU:GLI complex is required for the processing of GLI3 to the GLI3R repressor form, and the processing depends 
on transit through the primary cilia (Kise et al, 2009; Humke et al, 2010; Huangfu and Anderson, 2005). Despite this, 
primary cilia are not required for SUFU to inhibit GLI activity; SUFU may also serve in a cilia-independent manner 
to sequester the full-length protein in the cytoplasm in the absence of Hh signal (Chen et al, 2009; Humke et al, 
2010; Jia et al, 2009; Tukachinsky et al, 2010). After processing, GLI3R dissociates from SUFU and its activity is 
SUFU-independent (Humke et al, 2010; Tukachinsky et al, 2010). Nuclear SUFU may also play a direct role as a 
transcriptional co-repressor through interaction with the N-terminal DNA-binding domain of GLI proteins, though 
this remains to be fully elaborated (Monnier et al, 1998; Pearse et al, 1999; Cheng and Bishop, 2002; Paces-Fessy et 
al, 2004; Dunaeva et al, 2003; Szczepny et al, 2014).

Followed by: GLI:SUFU translocates to the ciliary tip in response to Hh signaling
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GLI:SUFU translocates to the ciliary tip in response to Hh signaling ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635860

Type: omitted

Compartments: ciliary tip

Activation of the Hh pathway causes the GLI:SUFU complex to concentrate in the primary cilium (Humke et al, 
2010; Tukachinsky et al, 2010; Kim et al, 2009). The net movement of the GLI:SUFU complex into the cilium 
occurs downstream of SMO phosphorylation and activation, and requires the Cos2 homologue KIF7, but how the 
signal is transmitted from the SMO:EVC complex is not clear (Chen et al, 2009; Chen et al, 2010; Pusapati et al, 
2013; Endoh-Yamagami et al, 2009; Liem et al, 2009; Cheung et al, 2009). SUFU appears to be a major regulator of 
the ratio of full length:repressor forms of GLI proteins in vertebrate cells, and the GLI:SUFU interaction is required 
for the production of GLIR. Dissociation of the GLI:SUFU complex after ligand stimulation diverts GLI from the 
degradation pathway and allows the full-length form to be activated (Humke et al, 2010; Tukachinsky et al, 2010; 
Pan et al, 2006; Kim et al, 209; Wen et al, 2010; Chen et al, 2009; reviewed in Briscoe and Therond, 2013). This 
represents another major point of divergence between the fly and the vertebrate Hh pathways. In Drosophila, absence 
of SUFU has no effect on Hh signaling, and the scaffolding protein Cos2 may play the key inhibitory role (Varjosalo 
et al, 2006; reviewed in Briscoe and Therond, 2013).

Preceded by: GLI proteins bind SUFU

Followed by: GLI:SUFU dissociates
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GLI:SUFU dissociates ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635859

Type: dissociation

Compartments: ciliary tip

Hh signaling promotes the dissociation of the GLI:SUFU complex in the cilium downstream of SMO activation 
(Humke et al, 2010; Tukachinsky et al, 2010). This appears to divert the transcription factors away from the partial 
processing/degradation pathway and allow the full-length forms to translocate to the nucleus where they are 
converted to labile transcriptional activators (Humke et al, 2010; Tukachinsky et al, 2010; Pan et al, 2006; Kim et al, 
2009). How the Hh signal is transmited from SMO to promote the dissociation of the GLI:SUFU complex is not 
clear, however it may involve changes in PKA activity as a result of lowered cAMP levels upon pathway 
stimulation. (Tukachinsky et al, 2010; Wen et al, 2010; Tuson et al, 2011; Barzi et al, 2010; reviewed in Briscoe and 
Therond, 2013). GPR161, which localizes to the cilium in a TULP3-dependent manner and which increases cAMP 
levels in the absence of ligand, is cleared from the cilium upon pathway activation, and deletion of GPR161 
increases Hh-dependent signaling (Mukhopadhyay et al, 2010; Mukhopadhyay et al, 2013). These data suggest that 
removal of ciliary GPR161 upon Hh stimulation may contribute to pathway activity by downregulating PKA activity 
through cAMP levels (reviewed in Mukhopadhyay and Rohatgi, 2014).

Preceded by: GLI:SUFU translocates to the ciliary tip in response to Hh signaling

Followed by: ULK3 phosphorylates GLI
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ULK3:SUFU dissociates ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635839

Type: dissociation

Compartments: cilium

ULK3 is a serine-threonine kinase that was identified as a positive regulator of Hh signaling that regulates GLI 
activity by phosphorylating the full-length form (Maloverjan et al, 2010a). In the absence of Hh ligand, ULK3 forms 
a complex with SUFU that restricts its kinase activity (Maloverjan et al, 2010b). Upon Hh stimulation, the 
ULK3:SUFU complex dissociates, allowing ULK3 to phosphorylate the full-length GLI proteins and promoting their 
activation and nuclear localization (Maloverjan et al, 2010a; Maloverjan et al, 2010b). ULK3 is related by sequence 
to the vertebrate kinase STK36, homologue to Drosophila Fused (Fu). While Fu plays a critical role in propagating 
Hh signal and is part of the Hedgehog signaling complex (HSC), STK36 is not required for Hh signaling in 
vertebrate cells but instead contributes to the formation of motile cilia (Wilson et al, 2009; reviewed in Briscoe and 
Therond, 2013; Maloverjan and Piirsoo, 2012).

Followed by: ULK3 phosphorylates GLI
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ULK3 phosphorylates GLI ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635842

Type: transition

Compartments: ciliary tip

Dissociation from SUFU allows the STK36/dFu homologue ULK3 to phosphorylate full-length GLI proteins. 
Phosphorylation promotes the nuclear translocation of the proteins and stimulates the transcription factor activity as 
assessed by a GLI-responsive reporter gene. In vitro, ULK3 phosphorylates GLI2 with the highest efficiency, but the 
kinase is also able to phosphorylate GLI1 and GLI3 (Maloverjan et al, 2010a; Maloverjan et al, 2010b). ULK3 is 
only one of a number of kinases that have been implicated in the regulation of GLI proteins in response to pathway 
stimulation, and how all the putative regulators interact to control GLI transcriptional activity remains to be 
elucidated (Evangelista et al, 2008; Mao et al, 2002; Varjosalo et al, 2008; reviewed in Marjosalo and Piirsoo, 2012).

Preceded by: ULK3:SUFU dissociates, GLI:SUFU dissociates

Followed by: GLI translocates to the nucleus
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GLI translocates to the nucleus ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635843

Type: omitted

Compartments: nucleoplasm, ciliary tip

Activation of SMO downstream of Hh ligand binding results in the dissociation of the SUFU:GLI complex and the 
translocation of the full-length GLI proteins to the nucleus where it is converted to a short-lived transcriptionally 
active form (Pan et al, 2006; Kim et al, 2009; Wen et al, 2010; Humke et al, 2010; Tukachinsky et al, 2010; reviewed 
in Briscoe and Therond, 2013).

Preceded by: ULK3 phosphorylates GLI

Followed by: GLI proteins are phosphorylated
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GLI proteins are phosphorylated ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635841

Type: omitted

Compartments: nucleoplasm

Hh signaling induces phosphorylation of full-length GLI that coincides with its nuclear localization and transcription 
factor activity (Humke et al, 2010; reviewed in Hui and Angers, 2011). Although this is depicted as occuring in the 
nucleus, the identity and location of the kinase(s) is not definitively known, nor is the ordering of the 
phosphorylation and translocation events (Wen et al, 2010; Humke et al, 2010; reviewed in Hui and Angers, 2011). 
Both cytoplasmic/ciliary and nuclear full-length GLI proteins are likely subject to phosphorylation, and the 
interaction between the numerous regulatory events is not clear. CDC2L1 was identified as a kinase that positively 
regulates Hh pathway activity, and it was shown to bind SUFU and promote the dissociation of the GLI1:SUFU 
complex in a kinase-dependent manner in mouse, but it has not been implicated in the phosphorylation of the GLI 
transcription factors themselves (Evangelista et al, 2008). ULK3 is another kinase that positively regulates Hh 
signaling and has been proposed to phosphorylate GLI proteins to promote their transcriptional activity (Maloverjan 
et al, 2010a; Maloverjan et al, 2010b; reviewed in Maloverjan and Piirsoo, 2012). DYRK family kinases are also 
implicated in the post-transcriptional regulation of the GLI proteins in both a positive and a negative manner (Mao et 
al, 2002; Lauth et al, 2010; Varjosalo et al, 2008).  
Once in the nucleus, phosphorylated GLI transcription factors bind to promoters of Hh-responsive genes such as 
PTCH1, PTCH2, GLI1 and HHIP to activate transcription (Vokes et al, 2007; Vokes et al 2007; Lee et al, 2010; 
reviewed in Briscoe and Therond, 2013). The full-length transcriptionally active GLI proteins are labile and subject 
to SPOP-dependent proteolysis (Chen et al, 2009; Zhang et al, 2009; Wen et al, 2010).

Preceded by: GLI translocates to the nucleus

Followed by: GLI proteins bind CDC73, phosphorylated GLI proteins bind SPOP:CUL3:RBX1
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GLI proteins bind CDC73 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635845

Type: binding

Compartments: nucleoplasm

Each of the GLI proteins can form a complex in the nucleus with CDC73, also known as Parafibromin, a component 
of the PAF complex (Mosimann et al, 2009). PAF1 is a conserved protein complex that affects aspects of RNA 
polymerase II transcription including histone modification, transcription elongation and RNA 3' end formation, 
among others. In humans, the PAF1 complex consists of CDC73, PAF1, LEO1, CTR9, RTF1 and WDR61 (reviewed 
in Tomson and Arndt, 2013). Knockdown of CDC73 in mammalian cell culture compromises GLI1- and GLI2-
dependent transcriptional activation and has been shown to abrogate expression of endogenous targets in Drosophila. 
CDC73 interacts with the GLI proteins through the SUFU-interacting domain in region 1 of the N-terminal 
(Mosimann et al, 2009). Direct binding of a CDC73:GLI complex on an endogenous human target gene has not yet 
been demonstrated.

Preceded by: GLI proteins are phosphorylated
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GLI proteins bind promoters of Hh responsive genes to promote transcription ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635851

GLI proteins are bifunctional DNA-binding proteins that recognize consensus GLI sites 5'-GACCACCC-3' in the 
promoters of target genes (Kinzler and Vogelstein, 1990). Pathway induction upon ligand-binding diverts the GLI 
proteins from the processing/degradation pathway that generates the truncated repressor form and promotes the 
formation of the full-length transcriptional activator (reviewed in Hui and Angers, 2011; Briscoe and Therond, 
2013). GLI-dependent target genes have been identified by a number of ChIP based screens, and well-established, 
direct targets include a number of Hh pathway members including PTCH1, PTCH2, GLI1, HHIP and BOC (Lee et 
al, 2010; Vokes et al, 2007; Vokes et al, 2008; Agren et al, 2004; Bai et al, 2004; Bai et al, 2002; Dai et al, 1999). 
Full-length GLI proteins nucleate the assembly of a transcriptional activation complex at target gene promoters, but 
the details of interacting partners are not well known. The C-terminus of GLI3 has been shown to interact with a 
number of transcriptional activators including the histone acetyltransferase CBP, the Mediator component Med12 
and the TATA-box recognition protein TAF31, but the detail of how and when these binding partners interact is not 
known (Dai et al, 1999; Zhou et al, 2006; Yoon et al, 1998; reviewed in Hui and Angers, 2011). Each of the GLI 
proteins has been shown to bind to CDC 73, a component of the PAF complex that has roles in RNA polymerase II-
mediated transcription (Mosimann et al, 2009; reviewed in Tomson and Arndt, 2013).
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phosphorylated GLI proteins bind SPOP:CUL3:RBX1 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635855

Type: binding

Compartments: nucleoplasm

Full-length GLI proteins are labile transcription factors that are rapidly degraded after ubiquitination by the 
SPOP:CUL3:RBX1 E3 ligase (Ohlmeyer et al, 1998; Humke et al, 2010; Tukachinsky et al, 2010; Chen et al, 2009; 
Zhang et al, 2009; Wen et al, 2010). SPOP (Speckle-type POZ protein) is the vertebrate homologue of Drosophila 
Hib/Roadkill, which was identified as a negative regulator of Hh signaling (Ohlmeyer et al, 1998; Zhang et al, 2006; 
Kent et al, 2006). SPOP/Hib proteins contain BTB and MATH domains and function as the substrate-binding 
component of the E3 ligase complex, where they promote oligomerization (Zhang et al, 2009; Furukawa et al, 2003; 
Zhuang et al, 2009). SPOP has been shown to bind to GLI2 and GLI3 through multiple serine and threonine rich 
motifs in the transcription factors, but direct binding to GLI1 has not been demonstrated (Cheng et al, 2009; Zhang et 
al, 2009).  
The stability of SPOP itself is regulated in an unknown manner by DZIP1, a regulator of Hh signaling best 
characterized in zebrafish for its positive role in promoting ciliogenesis (Sekimizu et al, 2004; Wolff et al, 2004; 
Glazer et al, 2010; Kim et al, 2010; Tay et al, 2010; Wang et al, 2013). More recently, DZIP1 has also been shown to 
act as a negative regulator of Hh signaling by preventing the ubiquitin- and proteasome-dependent degradation of 
SPOP, and in this way increasing the turnover of activated GLI proteins (Jin et al, 2011; Schwend et al, 2013).

Preceded by: GLI proteins are phosphorylated

Followed by: SPOP:CUL3:RBX1 ubiquitinates GLI2,3

Literature references
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SPOP:CUL3:RBX1 ubiquitinates GLI2,3 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635856

Type: transition

Compartments: nucleoplasm

The transcriptional activity of full-length activated Ci/GLI proteins is restricted by their rapid ubiquitin-mediated 
degradation after initiation of Hh signaling (Ohlmeyer et al, 1998; Humke et al, 2010; Tukachinsky et al, 2010; Wen 
et al, 2010). Ubiquitination of Ci, GLI2 and GLI3 is mediated by the E3 ligase complex SPOP:CUL3:RBX1, which 
ubiquitinates the transcription factors in a Hh-dependent manner (Zhang et al, 2006; Kent et al, 2006; Zhang et al, 
2009; Chen et al, 2009).

Preceded by: phosphorylated GLI proteins bind SPOP:CUL3:RBX1

Followed by: GLI2,3 are degraded by the proteasome

Literature references
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GLI2,3 are degraded by the proteasome ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635854

Type: omitted

Compartments: nucleoplasm

SPOP:CUL3:RBX1-mediated ubiquitination of the transcriptionally active GLI proteins attenuates Hh-dependent 
signaling by promoting their degradation by the proteasome (Zhang et al, 2009; Chen et al, 2009; Humke et al, 2010; 
Tukachinsky et al, 2010; Wen et al, 2010).

Preceded by: SPOP:CUL3:RBX1 ubiquitinates GLI2,3
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NUMB binds ITCH ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5610735

Type: binding

Compartments: cytosol

NUMB is a negative regulator of Hh signaling that acts by promoting the ITCH-dependent ubiquitination of GLI1. 
ITCH is an E3 ligase that is kept in an inactive conformation by an intramolecular interaction between the HECT 
domain and a WW motif. Binding of the adaptor protein NUMB to the WW region of ITCH displaces the HECT 
domain and promotes the catalytic activity of the E3 ligase (di Marcotullio et al, 2006; 2011).

Followed by: NUMB:ITCH binds GLI1
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NUMB:ITCH binds GLI1 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635861

Type: binding

Compartments: cytosol

GLI1 is recruited to the NUMB:ITCH complex through a direct interaction with both proteins. Once recruited, GLI1 
is ubiquitinated by ITCH and subsequently degraded by the proteasome. ITCH-mediated degradation of GLI1 does 
not depend on the Dc or Dn degrons required for interaction with beta-TrCP, but instead relies on a novel 
PPXYs/pSP degron of GLI1 (di Marcotullio et al, 2006, 2011; Huntzicker et al, 2006).

Preceded by: NUMB binds ITCH

Followed by: NUMB:ITCH ubiquitinates GLI1
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NUMB:ITCH ubiquitinates GLI1 ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635864

Type: transition

Compartments: cytosol

GLI1 is ubiquitinated by ITCH and subsequently degraded by the proteasome. ITCH-mediated degradation of GLI1 
does not depend on the Dc or Dn degrons required for interaction with beta-TrCP, but instead relies on a novel 
PPXYs/pSP degron of GLI1 (di Marcotullio et al, 2006, 2011; Huntzicker et al, 2006).

Preceded by: NUMB:ITCH binds GLI1

Followed by: ub-GLI is degraded by the proteasome
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ub-GLI is degraded by the proteasome ↗

Location: Hedgehog 'on' state

Stable identifier: R-HSA-5635868

Type: omitted

Compartments: cytosol

After NUMB:ITCH-mediated ubiquitination, GLI1 is degraded by the proteasome. This degradation limits the extent 
and duration of the response to Hh signaling (di Marcotullio et al, 2006; Huntzicker et al, 2006; di Marcotullio et al, 
2011).

Preceded by: NUMB:ITCH ubiquitinates GLI1
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