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Hedgehog—GLI (HH) signaling plays an essential role in embryogenesis and tissue homeostasis. Aberrant
activation of the pathway through mutations or other mechanisms is involved in the development and progression
of numerous types of cancer, including basal cell carcinoma, medulloblastoma, melanoma, breast, prostate,
hepatocellular and pancreatic carcinomas. Activation of HH signaling sustains proliferation, suppresses cell death
signals, enhances invasion and metastasis, deregulates cellular metabolism and promotes angiogenesis and tumor
inflammation. Targeted inhibition of the HH pathway has therefore emerged as an attractive therapeutic strategy for

the treatment of a wide range of cancers.

hedgehog signaling tumor microenvironment immunosuppression

| 1. Introduction

The Hedgehog—GLI (HH) signaling pathway plays key roles during embryonic development and is involved in cell
proliferation, differentiation and tissue patterning. In adults, HH signaling is rapidly turned off and remains active in
the stem cells of the central nervous system, skin and intestine, where it maintains tissue homeostasis and
regeneration . The HH signaling is aberrantly activated during the initiation and progression of a variety of cancer
types, including those of the brain, skin, breast, prostate, hepatocellular and pancreatic carcinomas and
hematological malignancies. The HH pathway is involved in enhancing proliferation, invasion and metastasis, in
suppressing cell death signals and in deregulating the cellular metabolism [&. Several reports have implicated HH
signaling in suppressing the immune system and promoting an immunosuppressive tumor microenvironment
(TME) I, Recent advances in cancer immunology and immunotherapy have emphasized the need for an accurate
understanding of the immune-modulatory functions of oncogenic signaling pathways and their role in cancer

immunity.

| 2. Hedgehog Signaling Pathway

The HH pathway is an evolutionary signaling pathway that plays a pivotal role in patterning and organogenesis
during embryonic development and in adult tissue homeostasis and repair . This complex transduction pathway
is coordinated by several regulatory components and post-translational modifications. In mammals, HH signaling
consists of three secreted HH ligands (Sonic Hedgehog, SHH; Desert Hedgehog, DHH; and Indian Hedgehog,
IHH); the 12-pass transmembrane receptor Patched 1 (PTCH1); the 7-pass transmembrane G protein-coupled
receptor (GPCR) Smoothened (SMO), as the main transducer of the HH pathway; and the three zinc finger GLI

transcription factors (GLI1, GLI2, GLI3), as the final mediators of the transcriptional response of HH signaling .
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Additional members include a number of regulatory kinases ! and Suppressor of Fused (SUFU), the main

negative regulator of the GLI & (Figure 1).
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Figure 1. Canonical activation of HH signaling. When HH ligands are not present (A), PTCH1 represses SMO by
preventing its entry into the primary cilium (PC). GLI2 and GLI3 are sequestered in the cytoplasm by SUFU and
phosphorylated by PKA, CK1 and GSK3[3. The GLI undergo ubiquitination through the E3 ubiquitin ligase B-TrCP.
GLI1 is fully degraded, whereas GLI3 and, to a lesser extent, GLI2 undergo partial proteasome degradation,
leading to the formation of repressor forms (GLI3/2%) that move into the nucleus inhibiting the transcription of GLI
target genes. In the presence of HH ligands (B), PTCH1 is displaced from the PC and undergoes lysosomal
degradation, and SMO translocates into the PC. Active SMO relieves the SUFU-mediated suppression of GLI2 and
GLI3, triggering a signaling cascade that leads to the translocation of full length activated forms of GLI (GLIACT)
into the nucleus, where they promote the transcription of GLI target genes. KIF7 is a kinesin protein that acts in
anterograde transport (from base to tip) of the PC. CK1, casein kinase 1; GLI2/3R, GLI2/3 repressors; GLIACT, GLI
activators; GLI™", GLI full length; GSK3, glycogen synthase kinase 3B; HH, Hedgehog; KIF7, kinesin family
member 7; PKA, protein kinase A; PTCH1, Patched 1; SMO, Smoothened; SUFU, Suppressor of Fused; B-TrCP, [3-

transducin repeat-containing protein.

A simplified model of HH signaling proposes that in the absence of HH ligands PTCHL1 localizes to the primary
cilium (PC), an organelle specialized for HH pathway transduction [ where it suppresses the ciliary accumulation
of SMO. Therefore, GLI proteins are phosphorylated by protein kinase A (PKA), casein kinase 1 (CK1) and
glycogen synthase kinase-3 (GSK3[), which create binding sites for the E3 ubiquitin ligase B-transducing repeat-
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containing protein (B-TrCP). This promotes the complete proteasome-dependent degradation of GLI1. GLI2 and
GLI3 are retained by SUFU in the cytoplasm BP0 \where they undergo partial proteasome degradation,
leading to the formation of repressor forms (GLI3/2R) that translocate into the nucleus repressing the transcription
of GLI target genes 12 (Figure 1). Degradation of B-TrCP by the endoplasmic reticulum aminopeptidase 1
(ERAP1), a key regulator of innate and adaptive immune responses 13|, can protect GLI transcription factors from

B-TrCP-dependent degradation and stimulate HH activity (4],

Canonical activation of HH signaling occurs upon the binding of the HH ligand to PTCH1, which exits the PC,
relieving the inhibition of SMO and allowing the translocation of SMO into the PC 2], Active SMO prevents GLI2
and GLI3 processing and promotes their dissociation from SUFU, leading to the translocation of full-length and
active GLI (GLIACT) into the nucleus, where they activate the transcription of GLI target genes (Figure 1). Among
them, there are GL/1 and PTCH1, which contribute to the creation of a positive feed-back loop. Other GLI targets
include genes involved in cell proliferation (MYC, CCND1, CCND2, FOXM1), cell survival (BCL-2), angiogenesis
(ANG1/2), epithelial-to-mesenchymal transition (SNAIL and ZEB), stemness (NANOG and SOX2) and several
cytokines (/L-6, IL-1f and TNF-a) 181271,

The HH signaling pathway is also activated through non-canonical mechanisms, which consist of the PTCH/SMO-
dependent GLI-independent mechanism or in the activation of the GLI transcription factors independent of
upstream PTCH/SMO. In the latter, the signal can bypass the canonical pathway to directly activate the GLI. This
type of non-canonical activation occurs mainly in cancer cells and has been extensively investigated 18 For
instance, RAS-RAF-MEK-ERK1/2 and AKT signaling can regulate the nuclear localization and transcriptional
activity of GLI1 in normal fibroblasts and melanoma cells L2921 |n esophageal adenocarcinoma cells, the
activation of mTOR signaling and S6K1 promotes the phosphorylation of GLI1 at Serine 84, preventing its
association with SUFU 22, Transforming growth factor B (TGFp) is a strong inducer of both GLI1 and GLI2 in
various human cell types, including normal fibroblasts and keratinocytes, as well as cancer cells 23 Atypical
protein kinase C I/A (aPKCVA) activates GLI1 through the phosphorylation of two residues (Ser243 and Thr304) in
the zinc finger DNA binding domain of GLI1, leading to increased DNA binding and transcriptional activity 24, The
fusion oncogene Ewing Sarcoma/Friend Leukemia Integration 1 (EWS/FLI1) has been shown to induce GLI1
transcription via direct binding to the GL/1 promoter [22]. Aside from oncogenes, loss of tumor suppressors, such as
p53 or the chromatin remodeling protein SNF5, have been shown to enhance the activity of GLI1 [28]27],
Furthermore, the epigenetic modulator bromodomain-containing protein 4 (BRD4) positively regulates HH signaling
by directly binding to GLI1 and GLI2 promoters 28] and the histone deacetylase HDAC1 (Histone deacetylase 1)

can deacetylate GLI1 at Lysine 518 to promote transcriptional activation 22,

HH signaling plays a critical role in several hallmarks of cancer, such as the sustaining of proliferative signals,
evasion of growth suppression and cell death and activation of invasion and metastasis, inducing angiogenesis and
immune evasion 2. Uncontrolled activation of the HH pathway is involved in a variety of cancer types. HH signaling
is a key driver in the pathogenesis of basal cell carcinoma (BCC), medulloblastoma (MB) and rhabdomyosarcoma.

Moreover, aberrant activation of HH signaling has been implicated in the progression of gastrointestinal,
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pancreatic, liver, biliary tract, ovarian, breast, prostate and lung cancers, glioblastoma, melanoma and a number of

hematological malignancies B3],

In light of the above, a great effort has been made in the last decade to develop inhibitors targeting the HH
pathway. Current inhibitors against HH signaling include SMO and GLI antagonists. These molecules have been

extensively reviewed elsewhere [B2I33]34I351861[37]: hence, only the most important among them will be mentioned.

Vismodegib (GDC-0449) was the first SMO inhibitor (SMOI) to be approved in 2012 for the treatment of locally
advanced and metastatic BCC 382249 followed in 2015 by sonidegib (LDE225), a potent and selective SMOi with
high tissue penetration and the ability to cross the blood—brain barrier 41, In 2018 the SMOi glasdegib (PF-
04449913) was approved in combination with chemotherapy for the treatment of acute myeloid leukemia patients
(42 Other SMOi are in active clinical trials, including saridegib (IP1-926) 2l and taladegib (LY-2940680), which has

shown efficacy in tumors harboring the SMO-D473H mutation, which causes drug resistance to vismodegib 4],

Despite the therapeutic efficacy of SMOI, the enthusiasm for their clinical use has been hampered by the
development of primary or acquired resistance, and relapse upon drug withdrawal. Notably, about 50% of BCC
patients developing resistance to SMOi present mutations in SMO, which occur in the drug-binding pocket of SMO
or in other critical domains of the transmembrane helices 4246l Further resistance mechanisms include GLI2 gene
amplification, and loss of the negative regulator SUFU. Inhibition of the GLI transcription factors represents an
alternative strategy for the development of HH pathway inhibitors. This could be an effective approach against
tumors resistant to SMOi and might have the dual advantage of blocking both the canonical and non-canonical HH
pathway. To date, only a few GLI antagonists have been discovered and, except for arsenic trioxide (ATO), which is
not a specific GLI inhibitor, their use has been limited to preclinical studies 331 For instance, GANT61 and GANT58
have been shown to interfere with the binding of GLI to DNA and have shown efficacy in blocking tumor cell growth
in vitro and in vivo 7. The natural compound Glabrescione B also interferes with the interaction of GLI1Z/DNA and
has shown therapeutic efficacy in preclinical models of HH-dependent cancers 8. ATO, an already FDA-approved
therapeutic for acute promyelocytic leukemia, has been found to suppress GLI1 transcriptional activity and block
HH-induced ciliary accumulation of GLI2 429 ATO is currently in several clinical trials for cancer treatment as a
single agent or in combinatorial regimen. More recently, a pharmacophore-based virtual screening approach
identified quinolines and oxazino-quinoline derivatives as small molecule GLI1 inhibitors characterized by
submicromolar antiproliferative activity toward human melanoma and medulloblastoma cell lines BUB2. Further
studies are in progress to optimize these small molecules and to assess their efficacy for the treatment of different

types of cancer resistant to SMOi.
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