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The SHH/GLI signaling pathway: a therapeutic target for medulloblastoma
Ludovica Lospinoso Severinia*, Francesca Ghirgab*, Francesca Bufalieria, Deborah Quaglioc, Paola Infanteb 

and Lucia Di Marcotullioa,d

aDepartment of Molecular Medicine, University of Rome La Sapienza, 00161, Rome, Italy; bCenter for Life NanoScience@Sapienza, Istituto Italiano di 
Tecnologia, 00161, Rome, Italy; cDepartment of Chemistry and Technology of Drugs, University of Rome La Sapienza, 00185, Rome, Italy; dIstituto 
Pasteur-Fondazione Cenci Bolognetti, University of Rome La Sapienza, 00161, Rome, Italy

ABSTRACT
Introduction: Medulloblastoma (MB) is a heterogeneous tumor of the cerebellum that is divided into 
four main subgroups with distinct molecular and clinical features. Sonic Hedgehog MB (SHH-MB) is the 
most genetically understood and occurs predominantly in childhood. Current therapies consist of 
aggressive and non-targeted multimodal approaches that are often ineffective and cause long-term 
complications. These problems intensify the need to develop molecularly targeted therapies to improve 
outcome and reduce treatment-related morbidities. In this scenario, Hedgehog (HH) signaling, a 
developmental pathway whose deregulation is involved in the pathogenesis of several malignancies, 
has emerged as an attractive druggable pathway for SHH-MB therapy.
Areas covered: This review provides an overview of the advancements in the HH antagonist research 
field. We place an emphasis on Smoothened (SMO) and glioma-associated oncogene homolog (GLI) 
inhibitors and immunotherapy approaches that are validated in preclinical SHH-MB models and that 
have therapeutic potential for MB patients. Literature from Pubmed and data reported on ClinicalTrial. 
gov up to August 2020 were considered.
Expert opinion: Extensive-omics analysis has enhanced our knowledge and has transformed the way 
that MB is studied and managed. The clinical use of SMO antagonists has yet to be determined, 
however, future GLI inhibitors and multitargeting approaches are promising.
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1. Introduction

The Hedgehog (HH) pathway was originally described in 
Drosophila as a regulator of embryonic patterning acting on cell 
fate determination and body−segment polarity. In mammals, HH 
signaling plays a crucial role in the development of tissues and 
organs, working as a morphogen, mitogen or differentiation factor 
[1,2]. In adult, the activity of the HH pathway is significantly 
reduced, except for tissue maintenance conditions [3]; its aberrant 
reactivation is known to be related to the development of several 
human malignancies, i.e. basal cell carcinoma (BCC) and medullo
blastoma (MB), thus representing a promising therapeutic target 
for cancer treatment [4–8]. The main players of the HH pathway 
include the HH ligands Sonic (SHH), Indian (IHH) or Desert 
Hedgehog (DHH), the Patched transmembrane receptors (PTCH1 
and 2), the G protein-coupled-like receptor Smoothened (SMO), 
and the glioma-associated oncogene (GLI) transcriptional factors 
(GLI1, GLI2 and GLI3). In a simplified model, the canonical activa
tion of HH signaling is triggered by the binding of HH ligands to 
PTCH1. This event results in the releasing of its suppression on 
SMO. Then, SMO receptor translocates into the primary cilium, 
initiating a signaling cascade that culminates in the dissociation 
of GLIs from the negative regulator SUFU, and their subsequent 
nuclear localization. The activator forms of GLI factors promote the 
transcription of HH-target genes (i.e. CCND2, BMI1, MYCN and 

VEGF) hence regulating cell survival, invasion, and angiogenesis, 
as well as stem cell self-renewal, and epithelial–mesenchymal 
transition (EMT) [9–13]. Notably, GLI1 and PTCH1 maintain their 
expression through an autoregulatory circuitry and contribute to 
a feedback loop that regulates the HH pathway. In addition to HH 
canonical signaling, non-canonical activation of GLI transcription 
factors can occur via SMO-independent signals, such as K-RAS, 
TGFβ, PI3K, PKC, TNF-α/mTOR/S6K1 and epigenetic regulators act
ing downstream of SMO [14–18].

MB is the most common malignant brain tumor in childhood, 
and it comprises a heterogeneous group of embryonal tumors of 
the cerebellum [19]. Historically classified on the basis of histo
pathology, the current availability of -omics data allows the mole
cular classification of MB in four consensus molecular subgroups: 
Wingless (WNT), Sonic-Hedgehog (SHH), Group 3 (G3) and Group 4 
(G4). Each variant is characterized by peculiar transcriptional sig
natures, mutational spectra, epigenetic profiling, and clinical fea
tures [20–22].

The SHH-activated MB subgroup is genetically the best under
stood, with the majority of patients harboring either germline or 
somatic mutations and copy-number alterations in critical genes 
of the SHH signaling pathway. These mutations frequently 
include loss-of-function or deletions in PTCH1 or SUFU, activating 
mutations in SMO and GLI1 or GLI2 amplifications [23,24]. In few 
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cases, genes responsible for transcriptional regulation (MYCN) 
are recurrently amplified [25]. All these genetic alterations lead 
to ligand-independent activation of the HH pathway, thus pro
moting tumorigenesis.

To date, a great deal of effort by pharmaceutical companies has 
been put into the development of SMO inhibitors [26–29]. Clinical 
trials are being conducted to evaluate the efficacy of vismodegib 
and sonidegib in MB. These two drugs are known to be targeting 
the upstream receptor SMO and have already been approved by 
the Food and Drug Administration (FDA) for treating metastatic or 
locally advanced BCC [30–32]. However, the responses to SMO 
inhibitors have been variable, likely due to SMO drug-resistance 
mutations. Moreover, genetic alterations downstream of SMO (i.e. 
amplifications or mutations of SUFU and GLI) or SMO-independent 
activation of GLI proteins, due to the crosstalk with other HH 
interacting pathways (i.e. PI3K/AKT/mTOR and RAS/RAF/MEK sig
naling) are causes of drug-resistance [33]. Accordingly, several 
preclinical studies have tested interesting approaches to over
come these issues. Moreover, given the high heterogeneity of 
cancer cells, the combination of therapies targeting both key HH 
components and HH signaling regulators has become an innova
tive opportunity to enhance the treatment’s effectiveness [34]. 
Recently, novel molecular players of the HH pathway (i.e. 
KCTD15 and ERAP1) have also been identified, thereby opening 
new perspectives for targeting HH-driven tumors [35,36].

In this review we discuss the limitations of SMO antagonists 
used in clinical practice, the promising results obtained in 
preclinical studies with inhibitors of GLI proteins, as well as 
the potential application of several immunotherapy strategies 
for the treatment of SHH-MB.

2. Medulloblastoma

2.1. SHH medulloblastoma (SHH-MB)

MB is a highly aggressive cerebellum malignancy, and one of 
the most frequent pediatric tumor, representing ~63% of 
childhood intracranial embryonal cancers [37]. In 2016, the 

World Health Organization (WHO) classification of Central 
Nervous System Tumors described four genetically distinct 
variants of MB (WNT, SHH, G3 and G4) [38], and among 
them the SHH-MB subgroup is the best characterized. This 
tumor is associated with aberrant activation of the HH path
way that causes the disruption of the developmental program 
of cerebellar neural progenitor cells (granule neuron precur
sors, GNPs), the cell of origin of SHH-MB group [39]. In the 
cerebellum, GNPs migrate from the rhombic lip to the outer 
cerebellum surface (External Granule Layer, EGL), and subse
quently differentiate and migrate toward the internal granule 
layer (IGL). Purkinje cell-derived SHH signaling keeps the GNPs 
undifferentiated, promoting cell expansion [39]. Deregulation 
of HH signaling arrests cerebellar GNPs differentiation, result
ing in the abnormal persistence of progenitor cells susceptible 
to malignant transformation [39] Figure 1.

SHH-MB displays a bimodal age distribution and represents the 
most common molecular subgroup in both infants (< 5 years of 
age) and adults (> 17 years of age); only few cases have been 
diagnosed in childhood and adolescence. Demographically, SHH- 
MB is more common in males than in females (approximately 2:1) 
and represents the 30% of all MBs. The 5-years survival rate of 
SHH-MB patients is about 75%, a worse prognosis than WNT-MB, 
but more favorable than G3-MB patients [22] Figure 2.

Given that all MBs and other pediatric brain tumors loca
lize at posterior fossa, histopathological and molecular ana
lysis are essential for the diagnosis of MB. Four different 
histological categories have been defined: classic, desmo
plastic/nodular (DN), MB with extensive nodularity (MBEN), 
large cell/anaplastic (LC/A). In SHH-MBs subset all histological 
variants can be found. Classic and DN occur at similar fre
quencies (among 35–45% of tumors/each), MBEN and LC/A 
have been observed in ~10% and in ~15% of tumors, respec
tively. Standard diagnosis requires that the identification of 
morphology variants has to be integrated with genetically 
defined variants.

Molecular analysis reveals that SHH-MBs display specific 
chromosomal, genetic and epigenetic alterations whose 
understanding has allowed the improvement of disease risk 
assignment and has offered the possibility of using targeted 
and less toxic therapies against this devastating tumor.

Cytogenetically, SHH-MBs show frequent chromosomal 
aberrations, which include loss of chromosomes 9q, 10q, 14q 
and 17p, as well as gain of chromosomes 2 and 9p [23]. 
Deletions of the long arms of chromosomes 9 and 10 or the 
short arm of chromosome 17 lead to the loss of heterozygosity 
of critical negative regulators of the HH pathway, such as 
PTCH, SUFU, TP53 and RENKCTD11 [24,40,41].

Furthermore, somatic and germline mutations in key com
ponents of the HH pathway characterize this tumor. Germline 
mutations in PTCH and SUFU genes have been described in 
patients with Gorlin’s syndrome, a rare hereditary disease that 
predisposes to BCC and MB development [42,43]. Loss of 
function mutations or deletions in PTCH1 (43%) and SUFU 
(10%) have also been reported in sporadic MBs in the SHH 
subgroup. Alterations that lead to ligand-independent activa
tion of HH signaling also include gain of function mutations in 
SMO (9%) [44] and amplifications of SHH, GLI1 or GLI2 (9%) and 
MYCN (7%) [24] Figure 2.

Article highlights

● Medulloblastoma (MB) is the most common pediatric brain tumor for 
which a definitive cure is elusive. Sonic Hedgehog medulloblastoma 
subgroup (SHH-MB) is the most characterized molecular variant and 
represents ~30% of all MBs.

● Hedgehog (HH) signaling is a therapeutic target in SHH-MB subgroup 
because its aberrant activation is involved in the tumorigenesis.

● Vismodegib and sonidegib are the only SMO antagonists to enter 
clinical trials for SHH-MB but resulted in several side effects and SMO 
drug-resistance mutations.

● The inhibition of the HH pathway at the downstream level acting on 
GLI1 could represent a valid therapeutic option to overcome the 
limitations of SMO antagonists.

● Multitargeted therapies and immunotherapy strategies are promising 
platforms for the treatment of SHH-MB.

● Extensive -omics analysis on larger patient cohorts will allow the 
identification of novel driver and/or cooperating genes capable of 
promoting tumorigenesis, thus providing the opportunity to unveil 
new potential therapeutic targets for the development of tailored MB 
treatments.

This box summarizes key points contained in the article.
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Interestingly, these genetic events are highly age- 
dependent. Mutations in PTCH1 are found in all age groups, 
whereas SUFU alterations occur mostly in infants, and SMO 
mutations are found in adults [24]. A subset of SHH-MB 
patients (between 3- and 16-years aged children) exhibits 
GLI2 and MYCN amplifications that are mutually exclusive 
with PTCH, but are frequently coincident with germline (Li- 

Fraumeni syndrome) or somatic mutations in TP53 (30%). 
These patients have a poor prognosis also due to the presence 
of chromosome shattering (chromothripsis) that can lead to 
an increased expression of SHH target genes favoring an 
aggressive tumor growth [45]. Unlike infant tumors that exhi
bit PTCH or SUFU mutations, adult SHH-MB patients harbor 
recurrent alterations in both PTCH and SMO and rarely in IDH1 

Figure 2. Demographic, molecular and clinical features of SHH-MB and its four subtypes. SHH-MB accounts for 30% of MBs, has a 5-years survival rate of 75%, 
and occurs predominantly in male. Most SHH-MB patients are adult or infant. Values for histology variants (blue bars) and main gene alterations (orange bars) in 
SHH-MB are reported.

Figure 1. Cells of origin of SHH-MB. (A) The figure depicts the cerebellum development at embryonic early stage. Under SHH stimuli secreted from Purkinje cells 
(orange), granule neuron precursors (GNPs, blue) migrate from the rhombic lip to the external granule layer (EGL), then undergo the subsequent differentiation and 
migration into the inner granule layer (IGL). (B) Schematic representation of SHH-induced GNPs development, and its deregulation in the tumorigenesis of MB.
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[44,46]. Of note, 98% of adult patients are characterized by 
mutations in telomerase reverse transcriptase (TERT) promoter, 
suggesting that alternative mechanisms of telomerase main
tenance occur in younger SHH-MB patients [24,47].

Several SHH-MB mouse models have been generated and 
have confirmed GNPs as the cell origin of this MB entity. The 
main used models in preclinical study are mice harboring 
germline mutation in Ptch1 gene (Ptch±) [48], or combined 
with TP53 deletion (Ptch±; p53-/-) [49] or conditional mouse 
model leading to Ptch1 loss of heterozygosity [50]. Other 
available MB mouse models are driven by constitutive activa
tion of Smo, Sufu deletion or MycN overexpression [51–53]. 
Interestingly, tumors comparison at transcriptional level 
between current SHH-MB mouse models and patients sug
gested that the available models are more molecularly similar 
to human adult SHH-MB [54].

The complex heterogeneity of SHH-MB tumors, recently 
highlighted by DNA methylation and gene expression array 
datasets, led to the definition of four molecular SHH variants: 
SHHα, SHHβ, SHHγ and SHHδ [55]. These subtypes reveal new 
biological and clinical patient clusters. SHHβ and SHHγ include 
infants of age ≤ 5 years old. SHHβ, also defined as iSHH-I 
subtype, is enriched with youngest patients harboring germline 
or somatic mutations in SUFU and chromosome 2 gain, whereas 
SHHγ, defined as iSHH-II subtype, exhibits activating SMO muta
tions and alterations of chromatin-modifying genes KMT2D and 
BCOR [56]. SHHα and SHHδ include childhood/adolescent and 
adult patients, respectively. SHHα (which occurs in patients ≥ 5– 
16 years old) shows a preponderance of TP53 loss of function 
mutations, which frequently co-occur with GLI2 and/or MYCN 
amplification or chromothripsis, and it is associated with 
a worse prognosis than SHHδ (> 17 years old) Figure 2.

The prognosis of SHH tumors is age-specific: infants 
belonging to SHHγ subtype have a good outcome compared 
to SHHβ MBs which are metastatic and have a bad prognosis. 
Older children and adolescents MB patients (SHHα) with TP53- 
mutant tumors are associated with poor survival compared to 
TP53-wild type (WT) ones, and are considered a very-high risk 
group [23,24,57,58]. Adult patients (SHHδ) rarely present TP53 
alterations, but display a higher burden of genome-wide sin
gle-nucleotide variants (SNVs) and harbor mutations in PTCH 
and SMO with a frequency higher than 80% [24]. For this 
reason, SHHδ subtype is an excellent candidate for molecular 
target therapies with SMO antagonists. Although the use of 
SMO inhibitors as therapeutic approach for HH-driven cancers 
has shown promising results in clinical trials, this strategy is 
not recommended for infants and children given the crucial 
role of HH signaling during development [59].

2.2. Crosstalk between HH and other signaling pathways 
in MB

Evidence of crosstalk between HH and other signaling path
ways have been described in several tumor types, thus adding 
more complexity to those mechanisms underlying the dereg
ulation of this pathway in tumor development and progres
sion [60,61]. The characterization of these intricate interplays is 
crucial for the development of combined SHH-MB therapies.

Phosphatidylinositol 3ʹ-Kinase/AKT/mTOR (PI3K/AKT/mTOR) 
cooperates with HH signaling to promote MB tumorigenesis, 
and it is associated with reduced expression of PTEN [62,63]. 
Activated mTOR/S6K1 pathway promotes GLI1 transcriptional 
activity and oncogenic function through GLI1 phosphoryla
tion, with consequent release from its endogenous inhibitor 
SUFU [18,34]. The overexpression and activation of PI3K/mTOR 
signaling frequently occurs in SHH-MB resistant to SMO inhi
bitors and the crosstalk of HH with PI3K/mTOR pathway is 
associated with high-risk MB, belonging to SHH and G3 sub
groups [34,64]. The concurrent combination of SMO antago
nists with PI3K/mTOR inhibitors significantly delayed MB 
tumor growth, thus emerging as a viable therapeutic strategy 
to treat high-risk patients [64].

Recent studies reported a crosstalk between the HH and 
RAS-RAF-MEK-ERK signaling pathways in MBin vitro models 
and identified the mitogen-activated kinase kinase 1 (MEKK1) 
as a therapeutic target [65]. MEKK1 and MEKK2/3 exert an 
inhibitory effect on HH signaling through phosphorylation of 
GLI1. This event strongly reduces both GLI transcriptional 
activity and protein stability of GLI1. The exposure of MB 
cells to the MEKK1 activator Nocodazole inhibits GLI1 activity, 
resulting in the reduction of tumor cell proliferation and via
bility. Interestingly, MEKK2 and MEKK3, but not MEKK1, are 
activated in response to FGF signaling, a known potent inhi
bitor of the HH pathway in GNPs and MB cells [65–67].

A crosstalk between HH and AMP-activated protein kinase 
(AMPK) signaling pathways in MB has also been well 
described. Activated AMPK phosphorylates GLI1 at three dif
ferent sites (Ser102, Ser408 and Thr1074), reducing its stability 
and impairing the HH pathway activity in MB cells [68]. 
Interestingly, a later study demonstrated that AMPK is 
a powerful inhibitor of GLI1 only in human MB cells, given 
that the consensus AMPK site Ser408 is conserved exclusively 
in primates [69]. Furthermore, AMPK activation supports β- 
TrCP-mediated GLI1-ubiquitination and degradation, blocking 
GLI1 nuclear translocation, and promoting its interaction with 
β-TrCP [70]. A further work showed that AMPK phosphorylates 
the zinc finger protein CNBP in response to HH activation. This 
event increases CNBP/SUFU association, thus leading to CNBP 
stabilization, ornithine decarboxylase (ODC) translation, and 
polyamine biosynthesis. Of note, the inhibition of this axis 
efficiently blocks HH-dependent proliferation of MB cells 
both in vitro and in vivo [71].

Although in the last decade the knowledge of the intricate 
crosstalk between HH signaling and the other pathways in MB 
tumorigenesis has considerably increased, the understanding 
of these mechanisms should be improved; for example, the 
interplay between the HH and WNT pathways needs to be 
elucidated. It has been proven that the activation of Wnt/β- 
Catenin signaling can mediate the inhibition of the HH path
way and the proliferation of the SHH-dependent GNPs [54]. In 
particular, Zinke and colleagues show that the stabilization of 
β-Catenin favors the degradation of GLI1, inhibiting MB cell 
proliferation [72]. Noteworthy, these findings disagree with 
previous observation reported by Taylor and colleagues 
whose data suggest that loss of SUFU could lead to the 
activation of both pathways in GNPs, contributing to the 
pathogenesis of MB [73].
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At present, a wide number of enzymes identified as regulators 
of the HH pathway are considered as useful targets for inhibition 
of HH activity and MB growth. Among them, the phosphodies
terase 4D (PDE4D) has emerged as positive modulator of HH 
signaling, through the inhibition of PKA, which in turn promotes 
HH transduction [74]. PDE4D interacts directly with Neuropilins 
(Nrp), previously identified as positive regulators of HH pathway 
[75]. The Neuropilin ligand Semaphorin3 (Sema3) enhances this 
interaction, promoting PDE4D translocation to the cell mem
brane into close proximity to the site of cAMP production, thus 
favoring cAMP hydrolysis and the consequent inhibition of PKA. 
Targeting PDE4D to inhibit the Sema3-Nrp-PDE4D-PKA pathway 
blocks the growth of HH-related MBs that are resistant to SMO 
inhibitors [74,76].

This evidence underlines how the deep elucidation of the 
influence and the effects that other signaling pathways exert 
on HH signaling activation is fundamental for the development 
of more effective combinatorial therapies for MB treatments.

2.3. Targeting the HH pathway activity at upstream 
level: SMO antagonists in preclinical and clinical 
investigation for the treatment of MB

Deregulated HH signaling has been linked to a broad range of 
malignancies and has emerged as druggable pathway. The 
main strategy aimed to counteract its activity is focused on 
the inhibition at upstream level on SMO receptor Figure 3.

SMO is a G protein-coupled receptor type whose structure 
consists of an extracellular cysteine-rich domain (CRD), an 
extracellular linker domain (LD) and the seven-pass transmem
brane domain (TMD) [77]. SMO antagonists can be designed 
and classified accordingly to their ligand-binding sites in those 
that mostly bind to extracellular loops and those that deeply 
penetrate in the TMD cavity, which contains two subpockets 
(TM-1 and TM-2).

TMD portion features an orthosteric site along with a primary 
GPCR agonist-binding one, but to date no endogenous small 
molecules are known to bind it. However, the TMD cavity is 
slightly larger than the CRD one and provides multiple binding 
sites for several natural and synthetic ligands. The TMD’s plasti
city can be attributed to gatekeeper role of the L325 residue in 
closing or opening TM-1 and TM-2. The mechanistic basis of 
antagonism mediated by small molecules could be explained 
by reinforcing the hydrogen bond network that stabilizes the 
inactive conformation of a GPCR. In particular, the D473, R400 
and E518 residues play a pivotal role in stabilizing the inactive 
conformation state of SMO by hydrogen bonding. In the TM-1 
subpocket, the inactive conformation is stabilized by an extra 
interaction, involving only a water molecule and the D473 amino 
acid, whose mutation is related with drug-resistance. Indeed, 
several acquired mutations in SMO have been identified in MB 
mouse models (D477G, L225R, N223D, S391N, D338N, G457S, 
E518K/A and W539L) as well as in MB and BCC patients (D473H, 
L221R, N219D, S387N, D384N, G453S, E518K/A and W535L) fol
lowing treatment with SMO inhibitors [78,79].

Figure 3. SMO antagonists in SHH-MB. The figure highlights the compounds in preclinical and clinical studies impairing SMO receptor activity, and their action 
sites. Red stars indicate the SMO mutations involved in drug-resistance. Compounds entered in clinical trials for SHH-MB treatment are indicated in red. SHH: Sonic 
Hedgehog; PTCH: Patched receptor; SMO: Smoothened receptor; CRD: cysteine-rich domain; LD: linker domain; TMD: transmembrane domain; GLIs: glioma- 
associated oncogene transcriptional factors.
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2.3.1. Direct inhibitors of SMO receptor acting on the TMD 
domain
In the last decade, many antagonists whose binding sites 
reside into the TMD domain of SMO have been developed 
and their ability to interfere with the HH pathway activity has 
been demonstrated in different HH-dependent tumor models 
[80–83].

The first SMO antagonist to be identified was cyclopamine 
[84], a steroidal alkaloid that binds the TMD of SMO [85]. 
Despite its inhibitory activity, this compound showed serious 
adverse effects, cytotoxicity, high chemical instability and poor 
aqueous solubility. These pitfalls prevented its further clinical 
investigation leading to the development of other small mole
cules with improved drug-like properties, potency, and 
bioavailability.

2.3.1.1. Vismodegib (GDC-0449). Vismodegib, chemically 
described as 2-chloro-N-(4-chloro-3-(pyridin-2-yl)phenyl)- 
4-(methylsulfonyl)benzamide, binds the TMD of SMO (IC50 

value of 21 nM in BODIPY-cyclopamine assay performed in 
HEK293T cells overexpressing SMO WT) [86,87]. Vismodegib 
treatment successfully induced tumor regression at 12.5 mg/ 
Kg bis in die (BID) upon multiple dosing in a Ptch± derived MB 
allograft mouse model [86]. Thanks to these promising results, 
the drug has been included in clinical trials for the treatment 
of MB. However, D473H SMO mutation was found in relapsed 
metastatic MB patient after three months of oral administra
tion. This heterozygous G to C missense mutation in SMO 
determines a substitution that does not affect its ability to 
transduce HH signal, but made the receptor insensitive to the 
inhibitory effect of vismodegib by abrogating its physical 
interaction with the drug [79,88]. In 2012, vismodegib was 
the first in class selective SMO antagonist to become commer
cially available, following its approval by the FDA as a new 
treatment for locally advanced or metastatic BCC [89]. 
Although different preclinical and clinical studies in BCC docu
mented a significant initial efficacy of the treatment [89–92], 
the onset of resistance events (unique SMO mutations, SUFU 
inactivation and GLI2 amplification) made the response to 
vismodegib effective in approximately 34% of advanced BCC 
after one year of treatment [93,94]. To date, vismodegib is 
adopted both as monotherapy and in combined therapies in 
eight ongoing clinical trials for the treatment of BCC, 
advanced gastric adenocarcinoma, advanced chondrosarcoma 
and metastatic pancreatic cancer. For the treatment of MB, 
vismodegib has been reported in four clinical trials (Table I). 
Among them, one trial (NCT01601184) has been conducted in 
combination with temozolomide in adult patients with recur
rent or refractory SHH-MB. This trial terminated on May 2019 
because the number of successes was not reached at the end 
of first stage of the phase II Table 1 [30,95]. A phase II trial 
(NCT01878617) is now recruiting standard-risk or high-risk 
newly diagnosed MBs in skeletally mature SHH-activated 
patients to evaluate the feasibility and toxicity of oral vismo
degib maintenance therapy after conventional chemotherapy 
(Table I).

The biological complexity of SHH-MB highlights the difficulty to 
predict sensitivity or resistance to SMO inhibition with 

vismodegib. A comprehensive approach, including DNA methyla
tion profiling, genome-wide copy number variations and DNA 
sequence analysis of key genes could provide a more detailed 
scenario of the course of disease as well as a more accurate 
understanding of the drug-resistance events occurring in indivi
dual patients [96].

2.3.1.2. Sonidegib (NVP-LDE225, LDE-225). Sonidegib 
belongs to a class of biphenyl carboxamides and has been 
identified as SMO antagonist able to bind its TMD domain. 
Sonidegib shows a strong inhibitory activity on both mSmo 
and hSMO (IC50 values of 1.3 and 2.5 nM in the fluorescent- 
labeled BODIPY-cyclopamine assay, respectively) [97]. Daily 
oral administration of sonidegib in subcutaneous Ptch±; p53-/- 

MB allograft mouse model at doses of 5, 10, 20 mg/Kg inhibits 
tumor growth in a dose-dependent manner (33, 51 and 83% 
of tumor regression, respectively). Furthermore, this com
pound has shown the ability to cross the blood-brain barrier 
(BBB) inhibiting the orthotopic MB tumor growth [97]. 
Sonidegib presents good safety profiles and in 2015 it has 
been approved by FDA for locally advanced BCC treatment 
[97]. However, different mechanisms of resistance have been 
observed following the treatment with sonidegib (i.e. point 
mutations in SMO, GLI2 amplification, up-regulation of PI3K 
signaling) [34]. The safety, efficacy and tolerability of sonide
gib have been investigated as monotherapy or in combined 
therapies in human trials for the clinical management of sev
eral advanced solid tumors. For MB patients, the treatment 
with sonidegib has been reported in four clinical trials Table 1 
[31,32]. A phase I trial on patients with recurrent or refractory 
MB (NCT01125800) showed that oral once daily sonidegib 
administration (680 mg/m2 related to the Body Surface Area, 
BSA) was well tolerated in children and had antitumor activity 
in both pediatric and adult patients with relapsed SHH-MB 
(Table I) [31]. The initial promising results from phase I have 
led to add a phase II part to the study. The aims of this phase II 
were to assess the efficacy of sonidegib in recurrent or pro
gressive MB patients through radiographic response, analysis 
of GLI2 amplifications and SUFU mutations as outcomes of de 
novo resistance mechanisms, and through the evaluation of 
drug concentration in cerebrospinal fluid (CSF). Nevertheless, 
this phase II was closed prematurely due to the lack of suffi
cient patient material. Currently, a recruiting phase I trial 
(NCT03434262) is aimed to investigate subgroup-specific 
doublet combinations including the CDK4/6 inhibitor riboci
clib and sonidegib for the treatment of SHH-activated patients 
(Table I).

2.3.1.3. MRT-83 and MRT-92. A novel class of SMO inhibi
tors based on acylthiourea, acylurea, and acylguanidine scaf
folds has been recently developed [98]. Among identified 
antagonists, the acylguanidine MRT-83 has a nanomolar 
antagonist efficiency toward SMO (IC50 value of 4.6 nM in 
BODIPY-cyclopamine binding assay performed in HEK-hSMO 
cells) [99], and is able to block HH-mediated proliferation of 
GNPs [100]. Mechanistically, MRT-83 abrogates SAG-induced 
trafficking of endogenous mSmo and hSMO to the primary 
cilium in C3H10T1/2 cells and NT2 testicular carcinoma cells, 
respectively. In vivo, stereotaxic MRT-83 injection into lateral 
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ventricle of adult mice blocks Ptch gene transcription induced 
by SHH in the adjacent subventricular zone, demonstrating 
MRT-83-mediated HH signaling inhibition [99].

The acylguanidine MRT-92, a derivative of MRT-83, exhibits 
a sub-nanomolar antagonistic activity against SMO (IC50 value 
of 8.4 nM in BODIPY-cyclopamine binding assay performed in 
HEK-hSMO cells) by blocking several overlapping sites of its 
TMD domain [98]. Similar to MRT-83, MRT-92 blocks SAG- 
induced trafficking of SMO at the primary cilium and SAG- 
induced differentiation of C3H10T1/2 cells. Of note, this mole
cule maintains similar pharmacological characteristics when 
bound to vismodegib-resistant D473H SMO mutant [98]. 
MRT-92 has also shown to inhibit tumor growth in vivo in 
melanoma mouse and colorectal cancer mouse models 
[81,82].

2.3.1.4. CAT3. Compound PF403 is a metabolite of the 
bioactive natural product 13a-(S)-deoxytylophorinine [101] 
with strong inhibitory activity against HH pathway- 
hyperactivated MB cells (IC50 values of 0.013 nM values 
assayed by MTT assay in human MB DAOY cells). Mechanistic 
study revealed that PF403 directly binds SMO in a similar 
manner as vismodegib thereby inhibiting the receptor activity. 
Furthermore, PF403 promotes the interaction of SUFU and 
PKA with GLI1, thus reducing the nuclear translocation of the 
transcription factor [27]. However, in vivo PF403 treatment was 
not effective. In order to improve the pharmacokinetic proper
ties of PF403, its prodrug CAT3 (13a-(S)-3-pivaloyloxyl- 
6,7-dimethoxyphenanthro[9,10-b]-indolizidine) has been 
developed [102]. CAT3 significantly suppresses DAOY orthoto
pic xenograft tumor growth with inhibition rate of 78.8% 
(dose of 12 mg/Kg), without showing toxicity [102]. These 
results suggest that CAT3 might be a promising novel agent 
for the treatment of HH-driven MB.

2.3.1.5. MK-4101. MK-4101 (5-(3,3-difluorocyclobutyl)- 
3-[4-[4-methyl-5-[2-(trifluoromethyl)phenyl]-4 H-1,2,4-triazol- 
3-yl]bicyclo[2.2.2]oct-1-yl]-1,2,4-oxadiazole) was originally 
identified as an 11β-Hydroxy steroid dehydrogenase-1 inhibi
tor that caused embryonal toxicity and birth defects similarly 
to those elicited by mutations of the HH pathway [103]. It was 
subsequently shown that MK-4101 inhibited HH signaling (IC50 

value of 1.5 μmol/L in a luciferase reporter assay) through the 
binding to SMO receptor (IC50 value of 1.1 μmol/L assessed by 
a fluorescently labeled cyclopamine assay). Further, this com
pound showed efficacy also toward D477G Smo mutant [103]. 
In vitro, MK-4101 inhibits the proliferation of MB cells derived 
from neonatally irradiated Ptch1± mice. In vivo, the efficacy of 
this molecule has been evaluated in allografts Ptch1± MB 
mouse model. MK-4101 impairs tumor growth (doses of 40 
and 80 mg/Kg once a day) and induces tumor regression at 
the highest dose (80 mg/Kg twice a day), an effect that 
correlates with a dose-dependent downregulation of Gli1 
mRNA levels. Of note, MK-4101 (dose of 80 mg/Kg BID for 
35 days) completely eliminated MB, and administration pre
vents tumor relapse after three months from treatment termi
nation. Finally, MK-4101 significantly improves survival of 
Ptch1± mice [103].Ta
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2.3.1.6. Smoothib. Recently, the pyrazolo-imidazole 
smoothib has been identified as a SMO inhibitor targeting 
the heptahelical bundle of the receptor (IC50 value of 1.4 μM 
assessed by Gli-mediated luciferase expression in Shh-Light II 
cells). Interestingly, this compound is able to prevent SMO 
ciliary localization, to reduce the expression of HH target 
genes and to suppress Ptch+/− MB cells growth [104].

2.3.1.7. L-4. L-4 featuring a dimethylpyridazine backbone 
has been recently identified as a potent, well-tolerated, orally 
active inhibitor of the HH pathway by directly targeting SMO 
in the same binding pocket of cyclopamine [105]. This com
pound showed an IC50 value of 2.33 nM in the SHH-Light II 
assay. L-4 strongly inhibited the HH pathway in vitro, suppres
sing the proliferation of primary MB cells with nanomolar IC50 

value similarly to vismodegib. Importantly, L-4 exhibited 
equivalent potency in reducing downstream HH targets 
expression induced by wild type SMO and D473H SMO 
mutant. Orally administration of L-4 provided remarkable 
dose-dependent antitumor effect in Ptch±;p53−/- MB allograft 
model without inducing loss of body weight side effect. 
Furthermore, L-4 revealed a good tolerance in acute toxicity 
test using ICR mice [105].

2.3.1.8. Nilotinib. Nilotinib is an approved second generation 
protein tyrosine kinase inhibitor discovered as a potent SMO 
antagonist directly binding to its TMD domain [106]. Nilotinib 
treatment reduces GLI1 protein levels in both SHH-MB PDX and 
human MB DAOY cells in vitro and tumor growth in subcuta
neous MB mouse xenograft model [106]. Nilotinib is an FDA- 
approved drug indicated for the treatment of chronic phase and 
accelerated phase Philadelphia chromosome-positive (Ph+) 
chronic myelogenous leukemia (CML) and has well- 
characterized pharmacokinetics and safety profile. Its newly dis
covered anti-HH activity makes Nilotinib an attractive therapeu
tic candidate against HH-dependent cancers, alone or in 
combination with surgery, radiotherapy and chemotherapy.

2.3.1.9. SMO antagonists derived from natural sources. In 
an effort to exploit natural products as profitable source of 
new SMO antagonists, a library of more than thousands of 
natural compounds and their derivatives has been screened in 
silico towards the crystallographic structure of SMO bound to 
cyclopamine affording the 2ʹ,4ʹ,5ʹ,3,4-pentamethoxychalcone 
(compound 12) as the most effective HH inhibitor [107]. This 
compound has proven to be effective also on the drug- 
resistant D473H SMO variant, and showed antioncogenic 
activity in vitro and/or in vivo in HH-driven tumor cells 
(mouse ASZ001 BCC, human MB DAOY, human prostate carci
noma epithelial 22Rv1 cells, primary Ptch± MB cells) and inhi
bits MB stem-like cells self-renewal [26].

A drug discovery program focused on the synthesis of 
a molecule incorporating the basic skeleton of the natural product 
artemisinin equipped with a SMO-targeting bullet led to the 
identification of the 2-(2,5-Dimethyl-5,6,7,8-tetrahydroquinolin- 
8-yl)-N-arylpropanamide compound 65 as the most potent HH 
inhibitor (IC50 value of 9.53 nM in a luciferase reporter assay). The 
molecule targets SMO receptor on the same binding site of 

cyclopamine. Compound 65 showed a good plasma exposure 
and an acceptable oral bioavailability, and antiproliferative effects 
in primary Ptch±; p53−/- MB cells both in vitro and in vivo [108].

2.3.2. Direct inhibitors of SMO receptor acting on the CRD 
domain
2.3.2.1. ALLO-1 and ALLO-2. ALLO-1 and ALLO-2 have been 
identified as HH signaling inhibitors by high throughput 
screening of commercial compound libraries. These com
pounds act on both wild type and SMO mutants by binding 
the CRD domain of SMO, without any interaction with TMD 
(ALLO-1: IC50 values of 489 nM and 1.2 μM; ALLO-2: IC50 values 
of 132 nM and 440 nM against wild type and D477G Smo 
mutant in the TM3-Gli-Luc reporter cell line, respectively) 
[109]. Both compounds inhibit the SHH-dependent prolifera
tion of GNPs and Ptch1±; p53-/- MB cells in a dose-dependent 
manner [109].

2.3.3. Alternative strategies to counteract SMO receptor 
activity
2.3.3.1. Itraconazole (ITZ). Itraconazole is an FDA-approved 
drug for the treatment of fungal infection that has been proposed 
as a potent HH pathway inhibitor for its ability to prevent cilium 
translocation of SMO [110]. This compound acts on SMO in 
a distinct binding site from cyclopamine, although its direct bind
ing to SMO receptor has not been demonstrated yet [110]. 
Interestingly, itraconazole is also active against drug-resistant 
SMO mutants [111], and showed synergistic effects with other 
SMO antagonists, such as vismodegib and sonidegib [110]. In 
vivo studies in a Ptch+/−; p53−/− MB allograft mouse model demon
strated that systemic administration of itraconazole suppresses 
tumor growth at a BID oral dosage of 75 or 100 mg/Kg after 
18 days of treatment. Itraconazole has been clinically used for 
nearly 35 years as an antifungal agent and currently, thanks to 
its anticancer properties, it has entered in clinical trials for the 
treatment of many kinds of tumors [112–115].

2.4. Targeting the HH pathway activity downstream of 
SMO: the development of GLI inhibitors

Glioma-associated oncogene homolog (GLI) transcription fac
tors are the final effectors of the HH signaling pathway, and 
their activity is finely modulated by a balanced interplay 
among post-translational modifications and intersection with 
other pathways. Since GLI factors have a key role in embry
ogenesis and adult homeostasis, deregulation of their activity 
alters the feedback loop that controls HH response, leading to 
several pathological conditions and tumorigenesis. It is impor
tant to consider that every alteration linked to the activation 
of the HH pathway triggers the transcriptional activity of GLI1 
effector, which in turn induces the expression of genes driving 
proliferation, stemness and survival. Furthermore, GLI1 pro
motes its own expression, thus representing an attractive 
target for the development of novel anticancer drugs. In the 
last years, a number of GLI1 inhibitors have been identified. 
These agents can be classified based on their mechanism of 
action as indirect (i.e. post-translational modifiers which impair 
GLI1 activity) and direct GLI1 inhibitors (small molecules block
ing its transcriptional function) Figure 4.
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2.4.1. Modulation of GLI proteins function
2.4.1.1. BRD4 inhibitors. Epigenetic enzymes have emerged 
as therapeutic targets and critical regulators of HH transcrip
tional output [116]. A new class of compounds targeting 
bromo and extra C-terminal (BET) bromodomain (BRD) pro
teins has been proposed as HH antagonists for their capability 
to affect GLI transcriptional activity. Members of the BET family 
proteins (BRD1–4) bind to histones acetylated lysines through 
their bromodomains, thus enhancing gene expression and 
regulating cellular processes such as cell cycle progression, 
chromatin compaction and chemoresistance [117]. Among 
BET family members, BRD4 directly binds to GLI1 and GLI2 
promoters, triggering the expression of HH target genes. Tang 
and collaborators identified the small molecule JQ1 as BRD4 
inhibitor. JQ1 induces the downregulation of GLI1 target 
genes, and suppresses tumor growth in HH-dependent 
mouse models (BCC, MB and atypical teratoid rhabdoid 
tumor) resistant to SMO antagonists [118]. Recently, Wang 
and colleagues demonstrate that encapsulation of JQ1 in 
apolipoprotein E nanoparticles (ApoE-NPs) significantly 
improves drug efficacy in orthotopic G3 MB bearing mice 
[119], suggesting the potential use of this formulation for MB 
clinical management.

Another BRD4 inhibitor, I-BET151, has been discovered through 
a screening for inhibitors of epigenetic modulators that attenuate 
HH activity. This compound exerts an inhibitory effect on the HH 

pathway (IC50 value of 31 nM in Gli-luciferase reporter assay in SAG- 
activated Light II cells) and reduces HH signaling in Sufu-/- mouse 
embryonic fibroblasts, consistent with its mechanism of action 
downstream of SMO receptor. I-BET151 induces the dissociation 
of BRD4 from the proximal promoter region of GLI1 locus, thus 
confirming its BRD4-dependent HH antagonism. Of note, I-BET151 
suppresses tumor growth in Ptch± MB allograft mouse model [120].

2.4.1.2. CK1α agonist. The anthelmintic drug pyrvinium has 
been described for its ability to destabilize GLI proteins 
[121,122]. In particular, this compound works as allosteric 
activator of CK1α, a kinase that negatively regulates GLI tran
scription factors [123]. In conditions of SMO-independent HH 
pathway hyperactivation, pyrvinium attenuates MB cells pro
liferation, both in vitro and in vivo, as consequence of GLI1 and 
PTCH1 down-regulation. Moreover, pyrvinium strongly sup
presses HH signaling induced by the oncogenic SMO-M2 and 
the drug-resistant D473H variants [122]. Although pyrvinium 
reduces the growth of SHH-MB, its poor ability to cross the 
BBB limits its efficacy.

Recently, SSTC3 has been described as a second-generation of 
CK1α activator. The compound inhibits HH signaling both in vitro 
and in vivo and possess improved pharmacokinetic and antionco
genic properties (crossing the BBB, attenuating the growth and 
metastases of SHH-MB mouse models and prolonging their survi
val) compared to pyrvinium [124]. Most importantly, SSTC3 is 

Figure 4. GLIs inhibitors in SHH-MB. The figure shows indirect (black) and direct (red) GLIs inhibitors. Negative regulators of GLIs activity are illustrated in blue 
boxes; positive regulators are illustrated in orange boxes. SHH: Sonic Hedgehog; PTCH: Patched receptor; SMO: Smoothened receptor; GLIs: glioma-associated 
oncogene transcriptional factors.
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effective against an orthotopically implanted SHH-MB PDX with 
a TRP53 mutation and MYCN amplification [124].

2.4.1.3. CK2 inhibitor. The protein kinase CK2 emerged as 
a driver of phosphorylation events during the proliferative 
phase of GNPs growth. CK2 facilitates the HH pathway trans
duction regulating two steps: stabilizing GLI2 and enhancing 
its transcriptional activity [125]. The highly specific CK2 inhi
bitor CX-4945 induces a dose-dependent reduction of GNPs 
proliferation in vitro, and of folia width during postnatal per
iod. CX-4945 also decreases the viability of Ptch+/− mouse MB 
cell lines (MB21, MB53 and MB55; IC50 values of 2.5 to 5.3 μM) 
and human MB PDX cells (RCMB32, BT084, ICb-984 and ST01; 
IC50 values of 0.76 to 3.3 μM). In vivo, this compound blocks 
the growth of Ptch+/−;Tpr53−/− and Ptch+/−;Tpr53−/−;Smo D477G 
MB allografts mouse models resistant to currently available HH 
inhibitors, thereby extending the survival of tumor-bearing 
mice [125]. CX-4945 is currently in a phase I/II trial 
(NCT03904862) in skeletally immature (phase I) and skeletally 
mature (phase II) SHH-recurrent or refractory MB patients 
Table 1.

2.4.1.4. CDKs inhibitors. The cyclin-dependent kinase 7 
(CDK7) is a member of the cyclin-dependent kinase protein 
family involved in cell cycle regulation and transcription initia
tion or elongation. Through an unbiased screening of 
a collection of epigenetic or transcriptional targeted small- 
molecule compounds, the CDK7 inhibitor THZ1 has shown 
the higher inhibitory effect on cell viability in murine SHH- 
MB cell lines derived from Ptch1+/− mice [126]. THZ1 induces 
down-regulation of GLI1 and GLI2 expression at both mRNA 
and protein levels in MB cell lines [126]. THZ1, alone or in 
combination with BET inhibitors, effectively overcomes the 
resistance to SMO antagonists and inhibits HH-driven tumor 
growth both in vitro and in vivo. Since multiple CDK7-targeted 
drugs have recently entered phase I trial for tumor therapy, 
the evidence collected on THZ1 provide the preclinical ratio
nale for enrolling CDK7 inhibitors in HH-dependent cancers 
treatment.

Besides CDK7, the CDK4/6/Cyclin D/RB pathway has been 
recently identified as a druggable target for all non-WNT MBs 
[127]. Cyclin-dependent kinases 4 and 6 (CDK4/6) are involved 
in the regulation of cell cycle progression through the G1–S 
transition. In particular, they each form an active complex with 
Cyclin D, catalyzing the phosphorylation of the retinoblastoma 
(RB) protein. Hyperphosphorylation of RB favors the transcrip
tion of genes required for entry into S-phase and commitment 
to cell division. Palbociclib is a selective inhibitor of CDK4/6 
that prevents RB hyperphosphorylation and promotes cell 
cycle arrest in the G1 phase [128]. Palbociclib has been FDA- 
approved as part of a combination therapy for advanced 
breast cancer, and its efficacy has also been reported in 
a variety of RB-positive tumors including brain malignancies. 
Interestingly, palbociclib treatment (administered orally daily 
at 120 mg/Kg) induces tumor regression in SHH-PDX xenograft 
mouse models, showing an average reduction of 63% in 
tumor volume compared to vehicle-treated mice [127]. These 
data encouraged the launch of a phase I clinical trial to test 

safety of palbociclib in patients with recurrent, progressive or 
refractory central nervous system tumors (NCT02255461) 
Table 1.

2.4.1.5. DYRK1B inhibitor. The dual-specificity tyrosine 
phosphorylation-regulated kinase (DYRK) family is involved in 
HH signaling regulation; among DYRK family members, 
DYRK1B has been identified as critical positive regulator of 
HH/GLI signaling downstream of SMO. DYRK1B inhibition 
induced by DYRKi impairs GLI1 expression in both vismode
gib-sensitive and -resistant human MB DAOY cells (IC50 values 
of 1.16 μM and 1.04 μM, respectively) [129].

2.4.1.6. HDACs inhibitors. Among epigenetic enzymes, his
tone deacetylases (HDACs) are strongly involved in the control 
of the HH pathway [130,131]. In particular, HDAC1 is up- 
regulated in MB and its mediated deacetylation of GLI1 and 
GLI2 promotes their transcriptional activity [132,133]. 
Therefore, HDAC1 inhibitors stand as effective drugs able to 
prevent the HH pathway activation through GLI1 and GLI2 
hyperacetylation. The selective HDAC1/HDAC2 inhibitor 
mocetinostat has been recently described as potent HH inhi
bitor related to GLI1 K518-acetylation. Orally administration of 
mocetinostat increases the survival of SHH-MB mouse models 
and drastically impairs tumor growth by reducing the prolif
eration and increasing the apoptosis of tumor cells [134].

HDAC6 is overexpressed in a murine model of SHH-MB, and 
its specific antagonist rocilinostat (ACY-1215) reduces tumor 
growth of primary MB99–1 MB cells (derived from the SmoA1 
mouse model) as well as of MB99–1 allograft mouse models 
in vivo [135].

Recently, the dual epigenetic inhibitor domatinostat 4SC- 
202 has also been tested in HH responsive human MB DAOY 
cells [136,137]. This is a very promising small molecule target
ing class I HDACs 1/2/3 and the lysine-specific demethylase 
(LSD1) and has been evaluated in a phase I clinical trial in 
patients with advanced hematological malignancies, revealing 
an excellent safety profile. Several clinical studies aimed to 
evaluate 4SC-202 in combined therapies specifically in the 
immuno-oncology area are currently ongoing. Interestingly, 
treatment with increasing concentrations of 4SC-202 effi
ciently repressed SAG-induced GLI1 and Hedgehog interacting 
protein (HHIP) expression in DAOY cells (IC50 values of 
~240 nM and ~140 nM, respectively) without affecting primary 
cilium formation [137]. 4SC-202 treatment also reduced the 
proliferation rate of SAG-stimulated human MB DAOY cells. 
Importantly, mechanistic studies revealed that the repressive 
effect of 4SC-202 on HH/GLI1 signaling is attributed to class 
I HDACs inhibition, not involving LSD1 impairment.

Several chemical classes of HDACi are currently being 
tested in human clinical trials, and panobinostat is one of 
the synthetic inhibitors FDA-approved for cancer therapy 
[138,139]. Currently, a pilot phase I study (NCT04315064) is 
recruiting patients with histologically verified recurrent or pro
gressed MB to assess the antitumor activity of simultaneous 
infusions of panobinostat MTX110 into the resection cavity. 
MTX110 is a gold nanoparticle-based formulation needed to 
solubilize the non-selective pan-deacetylase inhibitor panobi
nostat. This formulation can be directly injected into the brain, 
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bypassing the BBB and delivering high concentrations of drug 
into the tumor while minimizing systemic toxicity [140]. The 
first patient has been enrolled in March 2020, and the study 
has not started yet Table 1.

2.4.1.7. Biguanides. The biguanides metformin and phen
formin are antidiabetic drugs associated with anticancer prop
erties in preclinical and clinical settings [141]. Several works 
sustained AMP-activated protein kinase (AMPK) as a key med
iator of the direct anticancer properties of biguanides [142], 
and AMPK-dependent inhibition of mTOR, which suppresses 
protein synthesis, cell growth, and viability [143]. Recently, it 
has been demonstrated that clinically relevant doses (1–5 µM) 
of phenformin suppresses SHH-MB growth. Interestingly, this 
effect is mediated by the inhibition of mitochondrial glycer
ophosphate dehydrogenase (mGPD), a component of the gly
cerophosphate shuttle, without affecting complex I or AMPK 
activity [144]. The inhibition of mGPD mimics phenformin 
action and increases redox state/NADH content. Elevated 
NADH levels promote the association between the corepressor 
CtBP2 and GLI1 [144]. These findings show that phenformin 
suppresses SHH-MB growth via an interplay between metabo
lism and transcriptional repression.

2.4.2. Direct inhibition of GLIs transcriptional activity
2.4.2.1. GANTs. Besides HH inhibitors mentioned above, the 
most relevant contribution in the field of HH-driven tumor 
biology arises from the development of direct GLI inhibitors. 
GLI antagonists, or GANTs, have been discovered in 2007 by 
a cellular screening for small molecule inhibitors of GLI1- 
mediated transcription [145]. This approach led to the identi
fication of GANT58 and GANT61 as the first GLI antagonists 
(IC50 values of ≈ 5 μM for both compounds in Gli-luciferase 
reporter assays performed in SHH-Light II cells), with GANT61 
more specific towards GLIs and more effective in reducing 
GLI1 and GLI2 DNA-binding ability. Although no records of 
clinical studies are available, GANT61 is the reference GLI1/ 
GLI2 antagonist in many biological and drug design studies. Its 
mechanism of action has been controversial; GANT61 is highly 
unstable in physiological conditions, and quickly undergoes 
hydrolysis into the corresponding benzaldehyde and diamine 
derivative (GANT61-D). Accordingly, GANT61 can be consid
ered as a prodrug able to release the biologically active form 
GANT61-D in physiological conditions, which might directly 
bind GLI1 in a groove between zinc finger-2 (ZF-2) and ZF-3, 
without interfering with the DNA-binding site [146]. 
Nevertheless, recent studies elucidate the kinetics of GANT61 
hydrolysis and show that GANT61-D might bind near ZF-1 and 
ZF-2 [147]. GANT61 impairs GLI1- and GLI2-mediated transcrip
tion in vitro and in vivo, affecting GLI1/DNA interaction only in 
living cells, probably by inducing post-translational modifica
tions of GLI1 [145]. The effectiveness of this molecule has been 
demonstrated in several tumor types, including MB. GANT61 
inhibits cell migration, invasion, and proliferation while 
enhances the apoptosis of human MB DAOY cells [148]. 
A recent study reports that GANT61 is able to sensitize 
DAOY cells to particle radiation (i.e. protons and carbon 
ions), but not to conventional X-rays [149] highlighting that 

the combination of GANT61 with particle radiation could offer 
a benefit for the treatment of specific cancer types.

2.4.2.2. Arsenic trioxide (ATO). Arsenic trioxide antagonizes 
HH signaling both in vitro and in vivo directly interacting with 
GLI1. ATO inhibits GLI1 transcriptional activity (IC50 value of 
2.7 μM assayed by Gli-luciferase reporter assay in HepG2 cells) 
without impairing the binding to DNA or modifying GLI1 
cellular trafficking and stability [150]. This molecule also inhi
bits GLI2 ciliary accumulation in short term, whereas enhances 
GLI2 degradation after long incubation time in MB cells [151]. 
ATO inhibits Ptch±; p53-/- MB allografts tumor growth, and 
increases the survival of constitutively activated SMO trans
genic mice [150]. Recently, it has been reported that ATO 
promotes radiosensitivity in SHH-MB TP53 mutated cells redu
cing their clonogenic capacity [152]. The effectiveness of ATO 
as anticancer therapeutic agent has been tested in several 
preclinical tumor models [150,153–157]. Data obtained from 
these studies sustain that ATO, used alone or in combination 
with other anticancer drugs, may represent a valuable thera
peutic option to treat HH-dependent tumors, particularly 
those harboring drug-resistant SMO mutations [111,150,151]. 
ATO is an FDA-approved drug for the treatment of acute 
myeloid leukemia (AML) patients used in combination with 
trans-retinoic acid therapy [158,159]. Moreover, it is currently 
in clinical trials ranging from phase I to phase IV for both solid 
tumors and hematological malignancies, as monotherapy or 
combined with chemo- and radiotherapy.

2.4.2.3. Glabrescione B (GlaB) and its derivatives. Natural 
compounds provide a significant contribution to the discovery of 
novel HH inhibitors [160]. Isoflavones, a class of natural com
pounds particularly abundant in plants of the Leguminosae 
family, have high versatile scaffold and have long received atten
tion due to their interesting biological activity and multiple 
benefits to human health [161–163]. Recently, our research 
group has established a multi-disciplinary drug discovery pro
gram focused on the identification of natural products as direct 
GLI1 antagonists. Starting from the crystallographic structure of 
the GLI1-ZF domain in a complex with DNA [164], we identified 
the strongest hot spots residues for GLI1/DNA interaction and 
GLI1 transcriptional functions [165]. A subsequent virtual screen
ing of a natural compounds library against these hot spots leads 
to the identification of Glabrescione B (GlaB), an isoflavone natu
rally occurring in Derris glabrescens, as a potent HH antagonist 
and direct inhibitor of GLI1. GlaB binds the ZF-4 and ZF-5 of GLI1 
affecting its interaction with DNA and blocking its activity (IC50 

value of 12 μM in GLI1-overexpressing HEK293T cells/firefly luci
ferase assay). The significant anticancer efficacy of GlaB has been 
demonstrated both in vitro and in vivo in HH-dependent MB and 
BCC model [165]. These promising results have given relevance 
to the druggability of GLI1/DNA interaction in the treatment of 
HH-dependent tumors.

Exploiting the versatility of the isoflavone scaffold, 
Berardozzi and collaborators described that the insertion of 
a bulky substituent in meta or in para position of the isofla
vone’s ring B enhances the specific affinity for GLI1 or SMO, 
respectively. These findings provided the first evidence of the 
synergistic effect induced by the combination of two HH 
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inhibitors acting specifically at upstream or downstream level 
of HH signaling [166]. In particular, the combined administra
tion of different isoflavones behaving as SMO or GLI1 antago
nists, showed synergistic HH inhibition in primary Ptch± MB 
cells at doses around 20-fold lower than individual compound 
doses [166]. Based on these findings, a third generation of 
isoflavones able to target simultaneously SMO and GLI1 has 
been synthetized [167]. In particular, the most promising mul
titarget compound 22 showed a strong inhibitory activity on 
HH signaling (IC50 of 0.79 μM in Gli-mediated luciferase expres
sion in SHH-Light II cells), and HH-dependent tumor growth in 
human and murine MB cells at sub-micromolar concentration, 
inducing the reduction of GLI1 protein levels. An in vivo allo
graft model of MB shows the efficacy of intratumoral admin
istration of compound 22 (5 mg/Kg), reducing HH-driven 
tumor growth by suppressing cell proliferation and promoting 
apoptosis [167].

2.4.2.4. Cynanbungeigenin C and D. Cynanbungeigenin 
C (CBC) and D (CBD) have been isolated from Cynanchum 
bungei Decne plant and have emerged as GLI1 inhibitors 
although with an unclear mechanism. Both compounds are 
able to repress Gli1-luciferase reporter activity (IC50 values of 
2.9 and 3.7 μM, respectively), and to inhibit HH signaling in 
cells expressing D473H and W535L drug-resistant SMO 
mutants. Moreover, CBC and CBD suppress cell proliferation 
in Ptch1±;p53-/- MB models both in vitro and in in vivo (dose of 
50 mg/Kg by i.p. injection in allograft nu/nu mouse model). Of 
note, pharmacokinetic studies demonstrated the capability of 
these compounds to cross the BBB [168]. CBC and CBD stand 
as potential lead compounds in the treatment of MB and other 
HH-dependent malignancies.

2.4.2.5. Other GLI1 inhibitors. Following a common feature 
pharmacophore generation approach by known GLI1 inhibi
tors, a virtual screening protocol of commercially available 
databases recently led to identification of three different che
mical scaffolds as GLI1 modulators [169]. The diprenyl
xanthone α-mangostine SST0673, the thiophene derivative 
SST0682 and the pyrazolo[1,5-a]pyrimidine analogous 
SST0704 were able to inhibit the HH pathway activity by 
affecting GLI1 protein levels, and to impair proliferation of 
both human melanoma A375 (IC50 values of 2.7, 12 and 
2.2 μM, respectively) and MB DAOY (IC50 values of 1.9, 0.9 
and 2.3 μM, respectively) cells. Several derivatives of hit com
pounds have been synthesized and extensive SAR has been 
established, providing a good starting point for further steps 
in the development of GLI1 negative modulators.

2.5. Immunotherapy in MB

Immunotherapy represents an attractive therapeutic approach 
in several solid tumors and has recently been investigated for 
the treatment of central nervous system (CNS) malignancies 
[170–173]. In particular, in MB, immunotherapy has emerged 
as a valuable strategy to limit the side effects caused by 
radiation and chemotherapy, due to its potential ability to 
target tumor cells while preserving the surrounding normal 
brain tissue. A deep understanding of the connections 

between the immune system and MB is fundamental to 
design effective and specific immunologic-based approaches.

Preclinical models of MB molecular subtypes in mice have 
shown higher percentages of dendritic cells, infiltrating lym
phocytes, myeloid-derived suppressor cells and tumor- 
associated macrophages in murine SHH subgroup compared 
to G3 MB [174].

A recent study on the microenvironment populations invol
ving 763 human MBs belonging to the four molecular sub
groups (70 WNT, 223 SHH, 144 G3 and 326 G4) has shown 
a higher distinctive pattern of microenvironmental cells in SHH 
subgroup compared to the others [175]. In particular, SHH-MB 
displays a stronger signature of T cells, fibroblasts and macro
phages together with a lower numbers of neutrophils com
pared to the other MB subgroups others [175,176]. Moreover, 
greater expression of inflammation-related genes (CD14, PTX3, 
CD4, CD163, CSF1R and TGFB2) is observed in tumors of the 
SHH subgroup in comparison to those of the G3 and G4 [176].

Regardless of the subtype, MBs show low levels of cytotoxic 
lymphocytes and endothelial cells, as well as impaired antigen 
presentation due to the down-regulated expression of MHC-I 
components (i.e. LMP2, LMP7, calnexin and b2-microglobulin) 
[175–178]. These findings have suggested that the effective
ness of immunotherapy in MB depends on the immunologic 
differences in MB molecular subgroups. At present, several 
clinical trials using immunotherapy in MB are ongoing and 
most of them are at early stages [179]. The main immune- 
based strategies that are currently considered for treatment of 
this malignancy and here reviewed include: natural killer (NK) 
cells, CAR-T therapy, immune checkpoint inhibitors (ICIs), 
oncolytic viruses.

2.5.1. Natural Killer
Natural Killer (NK) cells have emerged as a promising immune- 
strategy for hematological malignancies and solid tumors 
thanks to their capacity to lyse directly specific ligand- 
targeted cancer cells [180–182]. In the treatment of MB, one 
of the advantages of using NK cells is that this tumor shows 
the down-regulation of MHC-I that renders malignant cells 
more susceptible to NK cells-mediated lytic activity [183]. In 
addition, MB cells express ligands for triggering NK cells recep
tors and are sensitive to NK-mediated cytotoxicity in vitro 
[184,185]. In particular, human DAOY MB cells express high 
levels of NKG2D, a NK-activating receptor that plays a major 
role in the killing of this tumor cell line [184]. Recently, in vivo 
studies demonstrated that the intratumor injection of acti
vated NK cells suppresses the tumor growth of DAOY cells 
implanted into the cerebella of NSG mice [183]. A phase I trial 
is currently ongoing (NCT02271711) for the study of autolo
gous NK cells delivered via the fourth ventricle catheter after 
surgery in patients with recurrent MB Table 2.

2.5.2. Chimeric antigen receptor T cell therapy
The use of chimeric antigen receptor (CAR) T cell therapy has 
shown efficacy especially in hematologic cancers, while the 
main challenge for their applicability in solid cancers is the 
identification of specific tumor-associated antigens enriched in 
tumors, but not expressed in normal tissues [186,187]. 
Receptor tyrosine-protein kinase ERBB2 (HER2) is a known 
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immunotherapy target that is overexpressed in several adult 
and pediatric tumors, including 40% of MB, while is not 
detected in normal brain [188–191]. To this regard, human 
HER2-CAR T cells, containing the CD3zeta and 4–1BB inducible 
co-stimulator receptor (HER2-BBz-CAR T), showed, at low 
doses, strong antitumor activity against MB cell lines both 
in vitro and in vivo orthotopic models [192]. Autologous 
CD4+ and CD8+ T cells transduced with lentiviral particles 
expressing HER2 antigen receptor and EGFRt (a truncated 
form of the human epidermal growth factor receptor) are 
currently under investigation in a phase I trial (NCT03500991) 
for the treatment of recurrent/refractory MB patients HER2- 
positive Table 2. Recently, Donovan and colleagues identified 
high expression of EPHA2, HER2 and interleukin 13 receptor 
α2 (IL-13Rα2) in G3 MBs and ependymomas, but not in the 
normal developing brain. They demonstrated the efficacy of 
locoregional CSF delivery of EPHA2 monovalent, HER2 mono
valent and EPHA2–HER2–IL-13Rα2 trivalent CAR T cell therapy 
in xenograft mouse models of primary, metastatic and recur
rent G3 MBs and posterior fossa group A (PFA) ependymomas. 
These findings provide a rationale for clinical trials of these 
approaches in patients [193].

2.5.3. Immune checkpoint inhibitors
One of the most successful immunotherapy approaches in cancer 
is the use of immune checkpoint inhibitors (ICIs), especially those 
acting against the checkpoint protein PD-1 or its partner protein 
PD-L1 [194–196]. Several recent studies have evaluated PD-L1 
expression in MB with controversial results, demonstrating that 
SHH cell lines showed both constitutive and inducible expression 
of PD-L1, while G3 and G4 MB cells had only inducible expression 
[197]. Currently, two clinical trials are investigating the effective
ness of ICIs in MB. The aim of the phase I trial NCT02359565 is to 
assess the side effects and best dose of the monoclonal antibody 
MK-3475 (Pembrolizumab; Anti-PD-1) in children with recurrent/ 
progressed/refractory brain tumors, including MB Table 2. The 
effectiveness of nivolumab, a human immunoglobulin G4 mono
clonal antibody that binds to the PD-1, is under evaluation in 
a phase II trial (NCT03173950) for the treatment of adult patients 
with rare CNS malignancies including MB Table 2. Furthermore, 
nivolumab with and without ipilimumab, another checkpoint inhi
bitor that targets the Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4), 
is under investigation in a phase II trial of patients with high-grade 
CNS malignancies including MB (NCT03130959) Table 2.

2.5.4. Oncolytic viruses
Different types of oncolytic viruses (OVs) are being investi
gated as anticancer-therapy for pediatric brain tumors with 
satisfactory results in preclinical models of MB [198,199]. 
Orthotopic murine models of SHH-dependent MB treated 
with intratumoral administration of myxoma virus or with 
the double-stranded RNA reovirus have shown a significant 
prolonged survival [200,201]. The rodent parvovirus H-1 
(H-1PV) and the adenovirus Ad5 Delta-24 revealed lytic effects 
and reduction of viability in vitro in several MB cell lines, 
included human DAOY [202,203]. So far, in vivo studies evalu
ating the effect of these viruses in MB animal models have not 
been performed. At present, a phase I clinical trial 

(NCT03911388) is ongoing to determine the safety of inocu
lating the oncolytic variants of the Herpes Simplex Virus G207 
into recurrent brain tumors including MB Table 2 [204,205]. 
Moreover, WNT and G3 MB groups have shown high levels of 
poliovirus receptor CD155, and a rhinovirus recombinant form 
of polio (PVSRIPO) is currently under phase I testing in patients 
with brain tumors including MB (NCT03043391) Table 2 [206].

The increasing number of clinical trials using several immu
notherapy strategies for the treatment of CNS tumors, under
lines how the deep characterization of the 
microenvironmental phenotypes is fundamental in these 
malignancies for the development of more specific and effec
tive immune-based opportunities. In particular, in the context 
of MB, in which the molecular classification seems to be 
related also to subgroup-specific immune response and differ
ent strategies of immune escape, the study of molecular 
mechanisms related to immune system machinery is 
a critical point for the identification of novel druggable tar
gets. Recently, accordant to this scenario, it has emerged the 
role of ERAP1, a known key regulator of innate and adaptive 
antitumor immune responses, as positive player of the HH 
signaling pathway. Indeed, ERAP1 is able to promote βTrCP 
degradation through the binding with the deubiquitylase 
enzyme USP47, resulting in GLI transcription factors modula
tion and enhancement of the HH activity. Pharmacological 
inhibition of ERAP1 drastically reduced SHH-MB growth in 
orthotopic and Patients derived xenograft (PDX) mouse mod
els [36]. These findings open the way for targeting ERAP1 in 
SHH-driven MBs in order to suppress tumor growth both by 
blocking cell proliferation and making tumor cells more sus
ceptible to immune system.

3. Conclusion

Although MB is one of the most common malignancies of the 
CNS, a definitive cure is elusive. Several therapeutic strategies 
for SHH-MB are under evaluation in preclinical and clinical 
studies. Significant progress has been made in the develop
ment of HH inhibitors that target the SMO receptor. However, 
only few of these inhibitors have begun clinical trials, and 
those that have been clinically approved (vismodegib, sonide
gib and glasdegib) do not include treatment for MB. Indeed, 
numerous limitations and drug-resistance issues have hin
dered the efficacy and safety of these drugs when translated 
to humans. Furthermore, the limited enrollment of pediatric 
SHH-MB patients precludes a robust conclusion on treatment 
assessments. Targeting the downstream transcription factors 
GLI, or other players involved in HH activity modulation, is an 
emerging approach with great potential. The extensive mole
cular investigations conducted recently have clarified and 
highlighted the deep heterogeneity of MB; its advanced mole
cular subclassification will offer new perspectives on therapy.

4. Expert opinion

The HH pathway is considered an attractive therapeutic 
target for various solid and hematologic tumors, especially 
for MB. However, among the FDA-approved HH inhibitors, 
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only vismodegib and sonidegib have been investigated and 
are ongoing into clinical phase I/II for recurrent MB. Results 
from these studies highlight that only a group of patients 
would benefit from their clinical development. The variable 
response to SMO inhibitors is strikingly linked to specific HH 
pathway gene mutations that differ according to patient 
age at diagnosis and molecular subtypes [55,56]. Indeed, 
tumors with PTCH1 mutations were sensitive to SMO inhibi
tors, whereas no beneficial response was observed in 
patients with SUFU alterations or TP53 mutations in conco
mitance with MYCN and GLI2 amplifications. Moreover, the 
severe skeletal defects observed in young patients under 
treatment with SMO antagonists have narrowed their 
administration only in adults [59,207]. Children treated 
with vismodegib in early phase clinical studies developed 
widespread growth plate fusions that also continue after 
cessation of therapy. This adverse effect is one of the 
main reasons why the interest in inhibiting the HH pathway 
in MB has been reduced. Clinical development of SMO 
antagonists has also been restricted due to low selectivity 
on cancer stem cells, the emergence of drug-resistance and 
the downstream SMO pathway activation. Mechanisms of 
resistance to SMO inhibition involve the activation of alter
native oncogenic pathways that directly impinge GLI activ
ities (i.e. PI3K-mTOR, BRD4 and PDE4D signaling 
[34,76,118,208,209], leading to a positive clinical response 
only for some patients.

The development of GLI1 and GLI2 inhibitors represents 
a concrete opportunity to overcome the pitfalls of the 
existing therapeutic approaches to treat SHH-MB. The effi
cacy of GANT61 and ATO observed in preclinical and clinical 
settings, strongly supports the translation of GLI inhibitors 
in clinical practice. However, their limited potency and BBB 
permeability restrain their use in MB. Future efforts should 
be focalized in the design and development of next gen
eration of GLI inhibitors, more specific and with optimal 
druglike and pharmacokinetic properties. In this regard, 
natural products could offer a valuable alternative given 
their potential as a unique source of remedies and medi
cines since ancient times, and their interesting activity as 
HH inhibitors. It is expected that in the next years, the 
development of these agents will reach the clinical phase, 
also thanks to the interest by pharmaceutical companies in 
continuing investing in HH inhibitors. Given the crucial role 
of GLI proteins in tumor onset, progression, metastases, and 
CSCs maintenance, hopes for GLI inhibitors stem from the 
fact that these drugs would not only be beneficial to treat 
primary but also secondary tumors. Nevertheless, it is 
important to keep in mind the common failure of the single 
agent-based therapies in cancer. A single-cell RNA-seq per
formed to analyze cellular diversity in MB show that even in 
tumors with a single pathway-activating mutation, diverse 
mechanisms drive tumor growth. This diversity confers early 
resistance to vismodegib, demonstrating the need to target 
multiple pathways simultaneously [210].

Therefore, a huge clinical impact is expected by multitar
geting approaches. Hitting the HH pathway both at upstream 
and downstream level and/or alternative routes leading to HH 

activation represents a valuable attempt for a better clinical 
practice [14,166,167]. Design and optimization of small mole
cules able to target simultaneously SMO and GLI [167] repre
sent a promising strategy.

With the aim to design more effective biological therapies, 
many other aspects should be taken under consideration, such 
as the tumor microenvironment, the role of immune system 
and the bypassing of the BBB. For this purpose, the use of 
nanoparticles or polymeric micelles carrying small molecules 
would result in effective treatment of MB and would avoid the 
use of organic solvents or pharmaceutical excipients, which 
may elicit toxic effects.

The difficulties encountered in the use of HH inhibitors in 
MB treatment should not discourage the research in this 
direction. Multi-omics analysis highlighted a substantial bio
logical MB heterogeneity, but also confirmed the high per
centage of patients harboring mutations in key components 
of HH signaling in SHH-MB (about 43% of PTCH mutations), 
indicating that SMO receptor, as well as GLI factors, have to 
still be considered as targets for MB therapy. Interestingly, 
a recent review on the current available phase I and II 
clinical data of vismodegib and sonidegib reported that 
both drugs were well tolerated and demonstrated antitumor 
activity in SHH-MB over than non-SHH-MB subgroups [211]. 
This report highlights the need to identify SHH-MB patients 
with mutation upstream of PTCH that respond to vismode
gib and sonidegib and stratify SHH-MB patients for 
treatment.

Tremendous progress has been made; however, consid
erable efforts and preclinical evaluation are still required. 
Further extensive -omics analysis on larger patient cohorts 
will allow the identification of novel driver and/or cooperat
ing genes capable of promoting tumorigenesis, thus giving 
the opportunity to unveil novel potential therapeutic tar
gets for the development of tailored MB treatments to 
increase cure rate and to improve quality of life of MB 
patients.
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