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The Hedgehog (Hh)-glioma-associated oncogene homolog (GLI) signaling pathway is highly conserved among mammals,
with crucial roles in regulating embryonic development as well as in cancer initiation and progression. The GLI
transcription factors (GLI1, GLI2, and GLI3) are effectors of the Hh pathway and are regulated via Smoothened (SMO)-
dependent and SMO-independent mechanisms. The SMO-dependent route involves the common Hh-PTCH-SMO axis,
and mutations or transcriptional and epigenetic dysregulation at these levels lead to the constitutive activation of GLI
transcription factors. Conversely, the SMO-independent route involves the SMO bypass regulation of GLI transcription
factors by external signaling pathways and their interacting proteins or by epigenetic and transcriptional regulation of GLI
transcription factors expression. Both routes of GLI activation, when dysregulated, have been heavily implicated in
tumorigenesis of many known cancers, making them important targets for cancer treatment.
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| 1. Introduction

The hedgehog (Hh) signaling pathway was first discovered in Drosophila melanogaster’s embryonic cell . Its evolution
across various species is relatively conserved; however, duplication of the Hh gene in mammals revealed the involvement
of three other members of the Hh family, namely the Sonic (Shh), Desert (Dhh), and Indian hedgehog (lhh) [&. Each of
these genes has a diverse function in developing various tissues and organs; nevertheless, they utilize a similar pathway
to be activated. In mammals, the Hh signaling is a rather complex relay mechanism that occurs in the primary cilium.
Without the binding of Hh ligands to the Patched (PTCH), a 12-pass transmembrane protein receptor, the pathway
remains suppressed due to the inhibitory effect of PTCH on the seven-pass transmembrane protein Smoothened (SMO)
Bl The binding of Hh ligands to PTCH relieves the inhibition of SMO protein, allowing its translocation into the primary
cilium, where it rapidly accumulates 2. Subsequently, activated SMO interferes with the proteolytic processing of glioma-
associated oncogene homolog (GLI) proteins and promotes their dissociation from Suppressor of Fused (SUFU), allowing
their translocation into the nucleus &, Through their DNA-binding domains, GLI activators (GLIAs) then bind to the GLI-
binding consensus sequence 5-GACCACCCA-3' residing within promoters of target genes to initiate their gene
transcription, such as cyclins (CCND1, CCND2), antiapoptotic factors (BCL2, BCLX), migratory genes (SNAI1, ZEB1),
and its own pathway genes (PTCH1, GL/1) [ElL1,

However, the diverse response of GLI in tissues is very dependent on the delicate balance between GLIAs and GLI
repressors (GLIRs) combined. The negative regulation of GLI protein (Figure 1A) is regulated by its interaction with SUFU
by virtue of its SUFU-binding domain. In the absence of the Hh ligand, SMO remains inactivated, which allows the tight
association of SUFU with GLI [, GLI bound to SUFU is susceptible to phosphorylation events that promote its processing
into repressors. G-protein coupled receptor 61 (Gprl61) localizes to the primary cilia to maintain high cyclic adenosine
monophosphate (CAMP) levels and protein kinase A (PKA) activity [, which phosphorylate P1-6 clusters located on
GLI2/3 U, Their phosphorylation by PKA primes their subsequent phosphorylation by glycogen synthase kinase 3 beta
(GSK3p) and casein kinase | (CKI) 4. Phosphorylated GLI2/3 are recognized by the Cull/B-TrCP complex, promoting
their ubiquitination and subsequent proteasomal-dependent processing into GLIRs 1213l GLIRs then bind to the
promoters of target genes to repress their transcription. In the presence of an Hh ligand, however, activation of SMO leads
to the dephosphorylation of GLI2/3 P1-6 clusters and their dissociation from SUFU 9, favoring the translocation of GLIAs
into the nucleus to initiate the transcription of target genes (Figure 1B). The expression of GL/1, a primary Hh target gene,
serves to amplify Hh transduction at the transcriptional level further 241,
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Figure 1. (A) The repression of Smoothened (SMO) by the Patched (PTCH) receptor in the absence of hedgehog (Hh)
ligands promotes the interaction of Suppressor of Fused (SUFU) and glioma-associated oncogene homolog (GLI). G-
protein coupled receptor 61 (GPR161) translocates to the primary cilium, which triggers high levels of cyclic adenosine
monophosphate (CAMP). Elevated ciliary levels of CAMP maintain high levels of protein kinase A (PKA) activity, which
phosphorylate GLI at P1-6 clusters. Consequently, phosphorylation of GLI by PKA prime its phosphorylation by casein
kinase | (CKI) and glycogen synthase kinase 3 beta (GSK3p) further. Phosphorylated GLI is recognized by the B-TrCP,
promoting its ubiquitination and partial proteasomal processing into a repressor. GLI repressor (GLIR) then translocates
into the nucleus to repress target gene transcription. (B) The binding of the Hh ligand to the PTCH receptor alleviates its
repression of SMO, allowing SMO translocation to the primary cilium. Activated SMO inhibits SUFU, allowing the
dissociation of GLI from SUFU. Additionally, Gprl61 is removed from the primary cilium, causing low CAMP levels and
PKA activity. The release of GLI from SUFU and low PKA activity results in the dephosphorylation of GLI, preventing its
proteasomal processing into a repressor. Full-length GLI or GLI activator (GLIA) then translocates into the nucleus to
transcribe target genes. Red upward triangle-headed arrow: upregulation; green downward triangle-headed arrow:
downregulation; dotted black triangle-headed arrow: inactivation; bar-headed arrow: inhibition; dotted bar-headed arrow:
loss of inhibition.

Typically, Hh signaling activation is classified into two general models: ligand-independent (Type I) and ligand-dependent
(Type Il and Ill) Hh signaling. This model centers around the various Hh pathway components leading to GLI activation,
which can occur either through mutations in PTCH or SMO (ligand independent) or Hh ligand stimulation (ligand
dependent); however, the transcriptional or epigenetic dysregulation of Hh pathway-related genes (e.g., aberrant
methylation or excessive transcription factor activation) leading to GLI activation and the regulation of GLI beyond SMO
transduction are often overlooked in this model. In this review, we describe a Hh signaling model that focuses on two
different GLI regulation levels relevant to carcinogenesis: SMO-dependent and SMO-independent GLI activation.
Arguably, these models provide a holistic view of the paradigms of hedgehog signaling networks involving GLI regulation
at the SMO level or beyond and may be more relevant to current therapeutic strategies involving the development of SMO
and GLI inhibitors for treating Hh-dependent cancers. Additionally, we present the latest clinical trial findings for the recent
development of Hh inhibitors in cancer treatment and provide a comprehensive review concerning the relevance,
limitations, and future perspective of SMO/GLI inhibitors as targeted cancer therapy. Importantly, GLI inhibitors have
shown superior anticancer activity compared to inhibitors targeting upstream (Hh and SMO) of GLI in preclinical studies
(151161 Fyrthermore, GLI inhibitors effectively suppress cancer growth in many GLI-dependent cancers that utilize an
SMO-independent route of GLI regulation, of which treatment with upstream inhibitors has proven ineffective 12, Thus,
understanding GLI regulation paradigms is fundamental to developing novel GLI inhibitors worthy of moving forward to
clinical settings, which may help set a new stage for Hh therapy in the future.

| 2. GLI Proteins and Their Domains

GLl is a part of the GLI-Kruppel family, characterized by the presence of C2H2-Kruppel-type zinc-finger (ZF) motifs 28!,
Three homologs exist in vertebrates, namely GLI1, GLI2, and GLI3 (Figure 2). These proteins consist of overlapping
domains, including a repressor and transactivation domain, and possess distinct but partially redundant functions. Since
GLI1 lacks the repressor domain, it acts as a sole transcriptional enhancer. By contrast, GLI2 protein possesses both a
repressor and two transactivation domains (TADs), A1 and A2, and acts as both a repressor and an activator. However,
GLI2 mostly behaves as a transcriptional activator due to the inefficient processing of GLI2 into GLI2 repressor (GLI2R)
(291 | ikewise, GLI3 protein possesses both repressor and activation domains but serves primarily as a transcriptional
repressor due to an active processing determinant domain (PDD) that allows efficient processing of GLI3 into GLI3
repressor (GLI3R) 1229 Of note, GLI2 also contains a PDD but is inefficiently processed due to differences in amino
residues critical for preventing complete degradation by the proteasome 29,
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Figure 2. Schematic representation of the domains and motifs in glioma-associated oncogene homolog (GLI) proteins. All
GLI proteins contain a well-conserved Supressor of Fused (SUFU)-binding domain, zinc finger motifs, nuclear localization
sequences, and a nuclear export sequence. GLI2 and GLI3 contain both an N-terminal repressor and several C-terminal
transactivation domains, unlike GLI1, which contains only a single transactivation domain reported so far. Additionally,
GLI2 and GLI3 contain a second SUFU-binding domain at the C-terminal end critical for regulating nuclear GLI function.
Both GLI2 and GLI3 contain a processing determinant domain that contributes to the proteolytic processing of these
proteins into their repressor form with a more active role in GLI3 than GLI2. GLI2 contains two major transactivation
domains, termed Al and A2, while the GLI3 transactivation domain includes a CREB-binding protein (CBP)-binding
domain and mediator-binding domain. Both GLI1 and GLI2 contain an o-helical herpes simplex viral protein 16-like
activation domain that binds to TATA-box binding protein associated factor 9 (TAF9) due to the presence of a highly
conserved FXX®d® (F = phenylalanine; X = any residue; ® = any hydrophobic residue) motif in the domain. The FXX$dd
motif is also conserved in GLI3 but does not bind to TAF9.

All three GLI homologs contain five Krippel-like ZF motifs that recognize and bind to a nine base-pair DNA consensus
motif 5-GACCACCCA-3'. ZF4 and ZN5 mediate the binding of GLI proteins to the conserved DNA motif, while ZNF1-3
stabilizes the DNA domain through interaction with the phosphate backbone [21122, All three GLI homologs also contained
a highly conserved SUFU-binding domain and two putative nuclear localization sequences (NLSs), including NLS1 and
NLS2. NSL2 is a canonical bipartite NLS containing two basic clusters mapped to the fifth ZF motif in Ci and C-terminal
side of GLI proteins, while NLS1 has features of both a canonical monopartite NLS and a noncanonical proline-tyrosine
(PY)-NLS located just upstream of the SUFU-binding domain 2. Both NLSs play a cooperative functional role in
regulating the nuclear localization of GLI proteins, likely through importin (Imp)-a/f1 mediated nuclear import classic of
canonical NLSs 24,

Mutations in either the NLS1 or NLS2 have been shown to partially impair the nuclear transportation of both GLI1 and
GLI2, while the loss of both NLSs results in a drastic increase in cytoplasmic localization of both GLI proteins 22128, The
function of NLS2 is also heavily regulated by a Thr374 residue adjacent to the first basic cluster of the bipartite motif.
Phosphorylation of Thr374 residue by PKA enhanced the local negative charge nearby the NLS2, thus inhibiting NLS2
function and consequently inhibiting GLI1 nuclear accumulation 2, The noncanonical PY-NLS feature of NLS1 has also
been shown to mediate GLI2 and GLI3 nuclear transport by cooperating with karyopherin-2 (Kap2) known to recognize
PY-NLSs [28], Besides regulating nuclear transportation, the interaction of PY-NLS and Kapp2 also plays a major role in
regulating the ciliary localization of all three GLI proteins independently of the Imp-a/B1 nuclear import system [221129],

A leucine-rich nuclear export sequence (NES) is also found in all three mammalian GLI proteins, and their functional
coordination with NLSs plays a major role in regulating the nuclear-cytoplastic shuttling of GLI proteins. The nuclear
export of GLI1 and GLI2 is chromosomal region maintenance 1 (CRM1)-dependent, and inactivation of CRM1 with
Leptomycin B (LMB) or the substitution of conserved leucine residues within the GLI1/GLI2 NES was shown to enhance
the nuclear accumulation and transcriptional activities of both GLI proteins 2829 |nterestingly, the shuttling of the SUFU-
GLI1 complex between the cytoplasmic and nuclear compartments was found to depend on functional NES and CRM1,
whereby the loss of either function led to an impaired cytoplasmic sequestration of GLI1 by SUFU and enhanced
colocalization of SUFU and GLI1 in the nucleus [28],

SUFU binds to SUFU-binding domains located at N- and C-terminals of GLI proteins to regulate their activities through
various mechanisms. Firstly, SUFU sequesters GLI proteins in the cytoplasm by binding to the SYGH core motif within the
N-terminal domain of GLI proteins 1. This interaction facilitates the phosphorylation of GLI proteins by PKA, GSK3, and
CK1, leading to their proteasomal degradations or processing into repressors [EI121 Secondly, SUFU prevents the nuclear
translocation of GLI proteins by masking their NLSs. The binding of SUFU to the SYGH core motif within the N-terminal



domain of GLI proteins blocks the binding of ImpB1 and KapB2 to NLSs, which impedes the nuclear import of GLI proteins
(2411281 Thirdly, SUFU has been shown to regulate Ci/GLI transcriptional activity inside the nucleus. The binding of SUFU
to a second conserved C-terminal SUFU-binding domain of Ci masked the Drosophila CREB-binding protein (CBP)-
binding domain (dCBD) located near the SUFU-binding domain, impeding the recruitment of the transcriptional coactivator
CBP. In turn, the loss of CBP recruitment inhibited the transcriptional activity of Ci; the C-terminal SUFU-binding site was
also conserved in GLI2 and GLI3, and deletion of this site partially blocked the SUFU-mediated inhibition of GLI2
transcriptional activity B, recapitulating the effect of SUFU-binding at the C-terminal SUFU-binding domain in the

impediment of CBP recruitment and suppression of Ci transcriptional activity.

SUFU also negatively regulates the transcriptional activity of GLI1 in the nucleus despite the loss of CRM1-dependent
nuclear export (inhibited by LMB), suggesting that the repressive activity of SUFU can still occur in the nucleus
independent of cytoplasmic sequestration 28], In further support of this finding, SUFU was also shown to interact directly
with GLI1 bound to DNA, raising the possibility that this interaction may hinder the binding of other transcription activators
with GLI1 B9, By contrast, Zhang et al. argued that SUFU does not serve merely as a negative regulator but rather as a
chaperone protein with a unifying role in regulating the function of GLI proteins B2, Evidently, SUFU accompanied the
translocation of GLI1 into and GLIR out of the nucleus. Furthermore, SUFU also accompanied GLI1 but not GLIR to the
ciliary tip, a necessary step that precedes the translocation of GLI1 into the nucleus. Importantly, SUFU facilitates the
binding of GLI1 to GLI-binding sites on the chromatin, while concomitantly reducing GLI3 binding, and intact SUFU
expression is required for maximal Shh signaling output needed for the specification of the most ventral neurons 21,

The Drosophila CBP (dCBP) has been shown to bind to the dCBD of Ci as a coactivator, while the loss of dCBP abolished
Hh signaling 3. Sequence alignment revealed a motif fairly well conserved between the dCBP-binding domain of Ci and
the A1 domain of GLI2 B4 but the role of CBP in GLI2 activity has yet to be elucidated. Like Ci, GLI3 also possesses a
CBP-binding domain (CBD) and utilizes CBP as a coactivator for its transcriptional activity 22l. By contrast, Zhou et al.
reported that CBD showed weak transactivation in vivo, but CBP could bind efficiently to the Mediator-binding domain
(MBD) located upstream of CBD to promote GLI3 transactivation, suggesting a concerted functional interaction between
CBP and RNA polymerase |l transcriptional mediator complex 8. Besides binding CBP, MBD also physically targeted
and inhibited the MED12 interface in the mediator complex, which in turn reversed the mediator-dependent suppression of
GLI3 transactivation activity 8, By contrast, CBP does not bind to GLI1 83, suggesting the lack of a CBD or MBD in
GLI1.

The C-terminal end of the GLI1 contains an a-helical herpes simplex viral protein 16-like activation domain, including a
highly conserved FXX®® (F = phenylalanine; X = any residue; ® = any hydrophobic residue) motif recognizing
TAFII31/TATA-box binding protein associated factor 9 (TAF9) subunit of general transcription factor 1l D BZ. This motif is
fairly conserved in the A2 domain of GLI2 and the C-terminal end of GLI3 B7[38] However, TAF9 binds only to GLI1 and
GLI2 but not GLI3 to promote their transcriptional activities, suggesting a redundancy of the FXX®® motif in GLI3.
Conversely, binding interference between GLI proteins and TAF9 by mutating the FXX®® motif resulted in the loss of
transcriptional activities of GLI proteins [7(381(39],

Both GLI2 and GLI3 contain an N-terminal repressor domain (RD) that exerts repressive transcriptional activity upon
proteolytic removal of their C-terminal TADs. In contrast to the TAD of GLI proteins, their RDs are less well characterized
in terms of their motifs and binding partners. The RD is most well defined for its interaction with the histone deacetylase
(HDAC) complex. Ski was shown to interact directly with the N-terminal domain of both GLI3R and full-length GLI3 and to
form a complex with HDAC1 to promote GLI3-mediated transcriptional repression. Additionally, a Ski-binding site was also
mapped to the N-terminal RD of GLI2. Conversely, Ski-deficient mouse embryonic fibroblast (MEF) efficiently abrogated
GLI3 and GLI2 transcriptional repressive activities. Ski forms complexes with corepressors such as N-CoR/SMRT, mSin3,
and Sno to recruit HDACs necessary to mediate transcriptional repression activities of other repressors 9. Mouse SUFU
has been shown to interact with SAP18, a member of the mSin3-HDAC corepressor complex, to enhance GLI3-mediated
transcriptional repression and impaired GLI1 transcriptional activity. Functionally, mouse SUFU interacted with GLI1,
possibly via the SYGF motif in the N-terminal SUFU-binding domain and recruited the mSin3-HDAC complex through
interaction with SAP18 to impede GLI1 transcriptional activity. It is conceivable that the same process may also occur in
GLI3 to potentiate GLI3 transcriptional repressive activity, as both GLI1 and GLI3 interact with SUFU via the same SYGH
motif at the N-terminal end. Furthermore, the Ski binding site overlaps the SUFU-binding domain at the N-terminal region
of GLI3, suggesting a possible functional cooperative role between SUFU and Ski in recruiting the HDAC corepressor
complex to promote GLI3-mediated transcriptional repression activity 411,
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