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Simple Summary: In the first sections of this review, we provide a comprehensive description of
the Hedgehog signalling pathway in mammals and the main general models of pathway activation.
Subsequently, the review focuses on the oncogenic role played by this pathway in rhabdomyosarcoma
and the inhibitors developed to date, as well as the clinical trials available in sarcomas. Finally, we
provide a discussion and critical review of the results obtained in the clinical setting and their
strong dependency on the type of tumour. In some cases, strong discrepancies between encouraging
preclinical data and clinical trial results are clearly evident.

Abstract: Aberrant activation of the Hedgehog (Hh) signalling pathway is known to play an onco-
genic role in a wide range of cancers; in the particular case of rhabdomyosarcoma, this pathway
has been demonstrated to be an important player for both oncogenesis and cancer progression. In
this review, after a brief description of the pathway and the characteristics of its molecular com-
ponents, we describe, in detail, the main activation mechanisms that have been found in cancer,
including ligand-dependent, ligand-independent and non-canonical activation. In this context, the
most studied inhibitors, i.e., SMO inhibitors, have shown encouraging results for the treatment of
basal cell carcinoma and medulloblastoma, both tumour types often associated with mutations that
lead to the activation of the pathway. Conversely, SMO inhibitors have not fulfilled expectations in
tumours—among them sarcomas—mostly associated with ligand-dependent Hh pathway activation.
Despite the controversy existing regarding the results obtained with SMO inhibitors in these types
of tumours, several compounds have been (or are currently being) evaluated in sarcoma patients.
Finally, we discuss some of the reasons that could explain why, in some cases, encouraging preclinical
data turned into disappointing results in the clinical setting.

Keywords: cancer; paediatric cancer; soft tissue sarcomas; STS; embryonic pathways; Hh pathway;
SMO; Sonic; Indian; Desert; PTCH; SUFU; CDO; BOC; GAS1

1. Introduction

Childhood cancers differ from adult malignancies owing to their different aetiology,
biology, response to treatment, and outcome. However, despite the small number of
cases of childhood cancers compared with the adult population, the understanding of
the molecular biology of paediatric tumours has improved considerably in recent years.
The pathways often known as ‘embryonic pathways’ (basically Notch, Hedgehog, and Wnt)
are appealing candidates as targets for interfering with the mechanisms that drive the
oncogenic phenotype of tumour cells. Our understanding of the roles played by these
pathways in paediatric tumours is progressing; however, it is far from that of better-known
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adult malignancies. Nevertheless, recent findings supported these pathways and some of
their components as very promising and interesting putative therapeutic targets.

Rhabdomyosarcoma (RMS) is the commonest type of soft tissue sarcoma in children
and adolescents and represents 4–5% of all childhood malignancies. Regarding histopatho-
logic criteria, RMS can be divided into two main subtypes: alveolar and embryonal (ARMS
and ERMS, respectively). Molecularly, RMS can be divided into fusion-positive and fusion-
negative tumours (in reference of chromosomal translocations affecting mainly FOXO1
and PAX3 or PAX7 genes), a stratification criterion that has been recently demonstrated to
be a powerful predictor of prognosis [1,2], since both subtypes differ considerably in their
clinical behaviour. The first-line treatment for RMS may include surgery, radiotherapy and
chemotherapy, with the most common protocols including Vincristine, Actinomycin D and
Cyclophosphamide (VAC) or Ifosfamide, Vincristine and Actinomycin D (IVA) [3].

The clinical and molecular characteristics of RMS tumours, highlighting the cell
morphology—similar to that of rhabdomyoblasts—the tumour location—generally in stri-
ated muscle, and the expression of various myogenic factors (among others PAX3/7, myo-
genin and MyoD), have favoured the association of RMS development with a disruption
in the proliferation and differentiation of myogenic progenitors [4]. Muscle development
begins during embryonic gastrulation and is regulated by the cyclical expression of the
aforementioned embryonic pathways and some lineage-specific transcription factors such
as PAX3 and PAX7 [5,6], all of them of great relevance for RMS tumours. Moreover, translo-
cation and overexpression of PAX3 and PAX7 genes correlate clinically with poor prognosis,
thereby suggesting their significance in RMS progression [7,8]. Additionally, recent studies
have described the possibility of originating RMS tumours from non-myogenic cells of
adipose and endothelial origin by modulating the embryonic Hedgehog (Hh) pathway,
suggesting a pivotal role for this pathway in the genesis of RMS [9,10]. The Hh pathway
plays a major role during embryogenesis, where it profoundly influences the fate of a wide
range of cells and lineages. Notably, the Hh pathway controls several critical aspects of
the myogenic program, the balance of which is also essential during carcinogenesis. It
maintains the survival of the most primitive cells of the dermomyotome [11], initiates
differentiation by inducing the expression of the myogenic regulatory factors Myf5 [12] and
MyoD [13], regulates cell migration of distal limb muscle cells [11], participates in growth
of skeletal muscle [14], and, finally, also plays a key role in cell fate determination during
adult tissue repair by promoting myofiber regeneration [15].

The contribution of the Hh pathway to cancer was revealed as particularly important.
Furthermore, apart from affecting several physiological processes, anomalous activation of
the pathway (by deregulation or mutation of some of its components) is often involved
in tumorigenesis. The influence of an embryonic pathway, such as Hedgehog, on an em-
bryonic cancer, such as RMS, may not be a coincidence. Thus, the fact that the abnormal
regulation of the pathway is quite general in RMS samples (especially in the embryonal sub-
type, but also in alveolar), together with the fact that mutation of their components—albeit
present in some cases—is rare, points to a bi-directional relationship between activation of
the pathway and the embryonic status of the original cells.

2. Overview of the Hedgehog Signalling Pathway in Mammals

The first step in canonical Hh pathway signalling is the synthesis and maturation of
ligands. After their translation, the Hh proteins enter the secretory pathway and undergo
autoproteolytic cleavage and two lipidic modifications—the addition of a cholesterol
residue at the carboxyl end and the palmitoylation of the amino-terminal end—which
causes the release of a 19 kDa bilipidated peptide [16,17]. These modifications confer high
hydrophobicity to the Hh ligands, causing their retention in the membrane [18,19]. Once
in the membrane, a protein named Dispatched (DISP) interacts with the cholesterol from
the Hh ligands and transfers them to the extracellular protein SCUBE, which subsequently
solubilizes and releases the Hh ligands [19–21].
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The main receptor of the secreted Hh ligands is the transmembrane protein Patched
(PTCH) which, in turn, acts as a constitutive inhibitor of the pathway. In the absence of
ligand, PTCH blocks the intermediate modulator Smoothened (SMO) and prevents Hh
signalling activation (Figure 1). The binding of Hh ligands to PTCH leads to its subse-
quent endosomal degradation. The functional inhibition of PTCH allows the activation
of SMO and its accumulation in the primary cilium, which facilitates pathway activation
resulting in increased transcriptional activity of the pathway’s target genes (Figure 2). The
transcriptional activity of Hh targets is mediated by the balance between the repressor
(GLI-R) and activator (GLI-A) forms of GLI transcription factors. Thus, in the absence of
ligands, GLI and SUFU form a repressor complex that travels to the apical region of the
primary cilium. Once there, KIF7 promotes (in a not completely understood mechanism)
the sequential hyperphosphorylation of GLI proteins by PKA, CK1, and GSK3B, promoting
the proteasomal degradation of its transactivator domain and, in turn, allowing the release
of GLI-R, which are rapidly translocated to the nucleus to repress the expression of target
genes (Figure 1). Conversely, in the presence of ligands, SMO is translocated to the primary
cilium and modulates the role of KIF7; this, instead of promoting GLI proteolysis, causes
its dissociation from the repressor complex formed by SUFU and, in turn, allows its release
and subsequent nuclear translocation, thereby activating the transcription of Hh target
genes (Figure 2) [22–27]. Ligand traffic and binding to the PTCH membrane receptor in
recipient cells is an incompletely clarified mechanism, with the involvement of several
co-adjuvant and little-known membrane proteins, such as CDO, BOC, GAS1, and HHIP.
In particular, CDO, BOC, and GAS1 co-receptors interact with the ligand and facilitate
its binding to PTCH in an essential manner [16,19,23]. On the contrary, HHIP exerts an
antagonist role by competing with PTCH for binding to the ligands.
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by the SUFU repressor complex. Then, KIF7 mediates GLI phosphorylation via PKA, CK1, and 
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transcription of target genes. Image created with BioRender (BioRender.com). 

Figure 1. Inactive Hedgehog signalling. In the absence of Hh ligands, PTCH blocks the ciliary
localization of SMO. The GLI transcription factors, located at the base of the primary cilium, are
inhibited by the SUFU repressor complex. Then, KIF7 mediates GLI phosphorylation via PKA,
CK1, and GSK3B kinases. Phosphorylated GLI1 is then ubiquitinated and totally degraded by the
proteasome. However, GLI2 and GLI3 can be entirely or partially degraded. Incomplete degradation
of GLI2/3 gives rise to the GLI repressor forms (GLI-R), which are translocated to the nucleus and
inhibit the transcription of target genes. Image created with BioRender (BioRender.com).
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Figure 2. Active Hedgehog signalling. Binding of Hh ligands (purple spheres) to PTCH causes
its internalization and subsequent endosomal degradation. Then, SMO moves and accumulates
in the primary cilium, where it releases the GLI transcription factors from the repressor complex.
Finally, active GLI proteins (GLI-A) translocate to the nucleus, where they are able to activate the
transcription of Hh target genes. Image created with BioRender (BioRender.com).

3. General Models of Oncogenic Hh Pathway Activation
3.1. Ligand-Independent Hh Activation (Mutational)

Often referred to as type I, ligand-independent Hh activation strongly relies on onco-
genic mutations in some of the main actors of the pathway, especially those that are able
to induce constitutive activation of the pathway (Figure 3a). This activation increases the
transcriptional activity of GLI genes among others, thereby increasing the expression of the
Hh target genes and promoting tumorigenesis [28]. The most frequent genetic alterations
found are mutations leading to PTCH1 inactivation or SMO activation. Nevertheless,
loss-of-function mutations in SUFU and amplifications and gains of function of the GLI
transcription factors, albeit less frequent, have also been described [25–30].

The main tumour types associated with this aberrant activation are basal cell carci-
noma (BCC) and medulloblastoma (MB). In fact, about 90% of BCCs and more than 30% of
sporadic MBs present an aberrant activation of the Hh pathway caused by mutations in
PTCH1 or, to a lesser extent, by mutations in SMO [31,32]. Interestingly, an age-dependent
molecular heterogeneity in MB has been reported. Thus, the loss of PTCH1 is the most
common in all ages, SMO inactivation is particularly frequent in adults and SUFU mu-
tations are more common in children [33,34]. The role of SUFU in cancer has become
increasingly evident thanks to new publications describing the impact of mutations in this
gene. Recently, about 5% of Gorlin Syndrome cases have been associated with mutations in
SUFU [28,35]. However, its involvement in the genesis of some tumours (including MB and
RMS) appears to be necessary but not sufficient, since heterozygous mice (SUFU+/−)—
unlike (PTCH+/−) mice—require a concomitant loss of P53 (P53−/−) to initiate tumour
development [36]. Finally, GLI1 amplifications, although rare, have been described in
various types of sarcomas and childhood brain tumours [37,38] and GLI2 amplifications
have been mainly described in squamous cell carcinoma [39]. However, since these am-
plicons involve other potential oncogenes, it is difficult to confirm a direct oncogenic role
of GLI amplifications [40]. Later, genetic studies have permitted the identification of new
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mutations in the GLI1 and GLI3 genes, probably associated with gains of function in breast
and pancreatic cancer, as well as polymorphisms in GLI3 that may predispose to colorectal
cancer [41–43]. Additionally, the presence of a recently described GLI1 splicing variant has
been associated with increased cell motility and invasiveness in both glioblastoma and
breast cancer [44,45].
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Figure 3. Aberrant mechanisms of Hh pathway activation. (a) Type I: ligand-independent consti-
tutive activation caused by inactivating (red star) or activating (green star) mutations in different
components of the pathway. (b) Type II: autoactivation of cells by high autocrine secretion of ligands.
(c) Type III: paracrine Hh activation of stromal cells dependent on tumour cell ligand secretion, which,
in turn, re-stimulates the tumour via pro-oncogenic Hh target secreted factors. (d) Type IIIb: reverse
paracrine activation, in which stromal cells secrete Hh ligands and activate signalling in the tumour
cells. Image created with BioRender.

3.2. Ligand-Dependent Hh Activation (Non-Mutational)

Ligand-dependent activation is based on the overexpression of Hh ligands and en-
compasses types II and III. In type II, once secreted, the ligand is taken up by the tumour
cell itself (autocrine activation) or by tumour cells nearby (juxtacrine activation) (Figure 3b).
This type of activation is common in breast, prostate, colon, pancreas, ovary, and non-small
cell lung cancer, also in hepatocellular carcinomas, melanomas, and gliomas. In addition to
the overexpression of Hh ligands, most of these tumours are characterized by presenting
an ectopic expression of PTCH1 and GLI [28–31,46–49].

In the type III activation model, tumour cells secrete ligands to stimulate pathway
activation in stromal cells. This activation in the stroma triggers the expression of Hh target
genes and the sending of signals and pro-oncogenic factors to cancer cells, to promote
their growth and/or survival (Figure 3c) [28,50]. Cancers with this type of activation show
high levels of ligands, with no expression of the pathway’s target genes (GLI1, GLI2, and
PTCH1), which are only detectable in stromal cells. Prostate, pancreatic, and colon cancers
stand out among the tumours with this type of activation [31,51], which has also been
recently described in RMS [52] (for more detail regarding RMS, see Section 4).

There is a new variant of this activation mechanism, known as type IIIb reverse
paracrine signalling (Figure 3d). In this case, the stroma secretes Hh ligands and activates
signalling in tumour cells. This mechanism has only been described in haematological
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neoplasms, such as B-cell lymphomas, multiple myelomas, and leukaemias, in which the
tumours receive the Hh ligand secreted directly by the stromal cells of the bone marrow or
lymph nodes [31,51].

3.3. Non-Canonical Hh Activation (Non-Mutational)

The Hh pathway can also be activated or influenced by particular proteins or signalling
pathways that are not considered to belong to the Hedgehog pathway. In general, this type
of activation is referred to as a non-canonical Hh signalling, and is thought to participate in
both transcriptional activation of GLI genes and post-translational modifications of GLI
proteins. This type of activation has been related to the development of several cancer
types with elevated GLI activity. The elements or pathways that can activate GLI proteins
mainly include PI3K, KRAS signalling, TGFβ and PKC [53].

The association between the Hh signalling and the PI3K/AKT/mTOR signalling has
been found in many tumour entities including oesophageal, ovarian, pancreatic and breast
cancers, melanoma, and RMS [53,54]. In the particular case of RMS, the PI3K/AKT/mTOR
signalling is often active [55] and may promote GLI1 phosphorylation, which results in its
dissociation from the inhibitor SUFU, thus triggering GLI1 activation [56]. Interestingly, the
inhibition of GLI1/2 and PI3K/mTOR seems to produce a synergistic effect on apoptosis in-
duction and tumour growth reduction in RMS [54]. Furthermore, in sporadic ERMS, which
express Hh target genes apparently without canonical Hh signalling, PI3K/AKT/mTOR
inhibitors effectively inhibit Hh target gene expression and cell proliferation, whereas Hh
pathway inhibitors alone do not [57].

The interaction between Hh and RAS signalling pathways has also been reported in
multiple cancer types. For example, oncogenic NRAS and HRAS are able of enhancing
the transcriptional activity and nuclear localization of GLI1 in human melanoma cells [58].
Moreover, the oncogenic KRAS is able to increase GLI1 transcriptional activity and protein
levels in pancreatic ductal adenocarcinoma [59]. However, although RAS signalling activa-
tion is frequent in ERMS tumours, RAS oncogenic mutations (HRAS, KRAS, and NRAS)
inhibit GLI1 through the MEK/ERK pathway. [60,61].

Regarding TGF-β signalling, it has been shown that this pathway can induce the
expression of GLI1 and GLI2 transcription factors in several cancer cell lines, such as
pancreatic ductal adenocarcinoma and breast cancer [62]. Interestingly, combined inhibition
of TGF-β and GLI2 reduces self-renewal and survival of cancer stem cells in colorectal
cancer [63].

Moreover, there is some controversy regarding the regulation of GLI activity by PKCα

and PKCδ isoforms, as there are studies supporting both positive and negative regulation of
GLI1. Thus, constitutive activation of PKCα decreases GLI1 transcriptional activation, while
that of PKCδ increases GLI1 transcriptional activity in HEK-293T cells [53]. Furthermore,
the atypical protein kinase C ι/λ (aPKC-ι/λ) has been identified also as a regulator of GLI
in mammals. In addition, it has been demonstrated that targeting aPKC-ι/λ suppresses
Hh pathway signalling and proliferation of BCC cell lines resistant to the SMO inhibitor
Vismodegib [64].

Finally, in addition to the interactions with the better-known pathways described
above, many other tumour-specific GLI dependencies have been described. For exam-
ple, the EWS/FLI translocation driver of Ewing’s sarcoma directly transactivates de GLI1
promoter [65]. Additionally, there are dichotomous modulators such as DYRK1A, which
depending on tumour type, can stimulate the Hh pathway by promoting the nuclear
translocation of GLI1 or induce its degradation by acting negatively on the cytoskele-
ton [66]. Another field with much to explore is epigenetic regulation. In this context, the
relationship between the tumour suppressor SNF5 (SMARCB1) and GLI1 in malignant
rhabdoid tumours is particularly suggestive, as about 25% of RMS tumours share the SNF5
mutational inactivation characteristic of rhabdoid tumours [67,68].
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4. Oncogenic Role of the Hedgehog Pathway in RMS

The involvement of the Hh pathway in the genesis of RMS was first described in
the patched knockout mouse by Hahn et al. in 1998, who reported that mice with het-
erozygous inactivation of PTCH1 had an increased incidence of an embryonal subtype of
RMS (ERMS) [29]. Currently, consistent activation of the pathway is well established and
commonly accepted in RMS after several works focused on this issue [69–71]. Even though
the expression of Hh components is also prominent in the alveolar subtype (ARMS) [52],
a higher degree of Hh activation in ERMS (and translocation-negative ARMS) has been
reported. Furthermore, pathway hyperactivation has been correlated with a worse progno-
sis [71,72]. Additionally, GLI1 upregulation has also been recently reported to correlate with
treatment resistance in RMS and Ewing’s sarcoma (ES), thereby suggesting that GLI1 target-
ing may benefit patients with RMS and ES by reducing multidrug resistance [73]. Despite
the efforts dedicated to this pathway in RMS, the activation mechanism remained elusive,
probably caused by the fact that the expression of the most commonly studied ligand of the
pathway, the Sonic Hedgehog protein (SHh) is very often negligible in RMS tumours (more
than 75% of samples showed no detectable SHh expression) and the prominent expression
of the two alternative ligands (Indian (IHh) and Desert (DHh) Hedgehog) was almost
always left aside in previous cancer studies. In 2017, a strong expression of these two
ligands in almost all RMS patients and cell lines was demonstrated, thereby pointing to a
ligand-dependent model as the most plausible mechanism for eliciting pathway activation
in the majority of RMS tumours [52].

Moreover, a minor but non-negligible percentage of patients bear genetic alterations
that can trigger pathway activation in a ligand-independent manner. However, despite
all authors agreeing that is not found in the majority of tumours, some controversy exists
regarding the importance of this mutation-driven constitutive activation. On the one hand,
some works reported that neither PTCH mutations nor activating SMO mutations appeared
to be implicated in pathway activation [70,74]; on the other hand, other authors reported
losses in the PTCH region 9q22 in one third of ERMS, and loss of SUFU has also been
reported in 18% of ERMS [75,76]. In a recent work from the Children’s Oncology Group
(COG) in highly-differentiated fusion negative tumours, four out of 22 patients harboured
mutations in the Hh pathway (three in PTCH1, one in SUFU) [77]. Additionally, genomic
amplification of chromosomal region 12q13-15 containing the GLI1 gene was identified in
a very small subset of ARMS tumours [70,75]. Despite the discrepancies found, activator
mutations can only account for pathway activation in relatively small subsets of patients
and, therefore, the majority of cases should be considered ligand-dependent activation.

5. Hedgehog Inhibitors and Clinical Trials
5.1. SMO Inhibitors

The extensive involvement of the Hh pathway in the oncogenesis and progression
of several cancers, including RMS, suggested a marked potential for pathway inhibitors
as a putative molecularly-targeted anticancer therapy [78]. These expectations have mate-
rialised in the clinical development of several Hh pathway inhibitors, with some having
been (or currently being) evaluated in sarcoma patients (Table 1). Most of these com-
pounds target the Hh transmembrane modulator, SMO [79]. In fact, the only Hh pathway
inhibitors clinically approved by the Food and Drug Administration (FDA) and the Euro-
pean Medicines Agency (EMA) are SMO inhibitors: Vismodegib (GDC-0449, Erivedge®,
Genentech, San Francisco, CA, USA) and Sonidegib (LDE225, Odomzo®, Sun Pharma-
ceutical Industries, Mumbai, India), for the treatment of adult BCC [80,81] and Glasdegib
(PF-04449913, Daurismo®, Pfizer, New York, USA), employed in the treatment of newly-
diagnosed acute myeloid leukaemia (AML) [82].
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SMO inhibitors have shown encouraging results in the treatment of BCC and
MB [83–87], both tumours associated with type I Hh activation (mutation-driven). However,
SMO inhibitors have not met expectations in tumours associated with ligand-dependent
Hh pathway activation, such as sarcomas, colon, ovary, and pancreas [88–90]. In fact,
much controversy exists about the results observed with SMO inhibitors in tumours other
than BCC and MB. In particular, in vitro and in vivo RMS models have shown that SMO
inhibitors are not always effective and may even promote tumour progression in some
cases [52]. Unfortunately, there are very few clinical trials in RMS and other sarcomas
aimed at clarifying whether the preclinical results previously obtained are reproducible in
the clinical setting. In the particular case of Vismodegib, only one phase II clinical trial has
studied its effect as monotherapy in patients with sarcoma (chondrosarcoma). In this study,
after six months of treatment, 25.6% of patients achieved clinical benefit. This was a positive
result; however, the objective of the study was to achieve a clinical benefit rate of 40%,
thereby reducing the interest in Vismodegib as monotherapy for chondrosarcoma [91,92].
Moreover, Vismodegib was also studied in combination with a Gamma-Secretase (Notch
Signalling Pathway) Inhibitor (RO4929097) in a phase Ib/II trial in adult RMS patients
and other types of adult sarcomas. However, the development of this Notch inhibitor was
discontinued and the phase II trial closed prematurely, despite results demonstrating that
the combination therapy was safe. Although the study was not completed, the results
analysed showed that Vismodegib did not significantly improve the clinical efficacy of
RO4929097 [93,94]. Finally, Sonidegib was evaluated in a phase I trial (which included
RMS patients among other recurrent Hh-dependent tumours, including MB). The results
demonstrated that children with advanced solid tumours presented good tolerance to
Sonidegib. Nevertheless, anti-tumour activity was only observed in the SHh subgroup MB
and not in the other tumour types, which were mainly associated with non-mutational Hh
pathway activation [83,95].

Other compounds developed later, also demonstrated effectivity in preclinical models
but their studies in clinical trials have been quite limited. Thus, despite promising pre-
clinical results, TAK-44 was suspended in 2013 due to project prioritization, BMS-833923
(XL139) was withdrawn from the company pipeline in 2014 without disclosing the rea-
son, and the CUR61414 clinical trial was halted due to unsatisfactory results [96]. Finally,
another compound named NVP-LEQ506 was moved into phase I trials, as a backup for
Sonidegib [97].

The possibility of using the novel antifungal agent Posaconazole was recently pointed
out; it can downregulate some targets of the Hh pathway (SMO, GLI1, c-MYC, CDK4,
and CDK6). This work in vitro and in a murine model provided a theoretical basis that
may have important clinical implications in developing Posaconazole as a promising agent
against ERMS by targeting the Hedgehog pathway [98].
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Table 1. Clinical trials with Hh pathway inhibitors in sarcomas.

Study Clinical Trials. gov
Identifier Inhibitor Name Activity Tumour Type Phase Outcome

Vismodegib in Treating Patients
with Advanced Chondrosarcomas NCT01267955 Vismodegib

(GDC-0449)
SMO

inhibitor Chondrosarcoma Phase II
Clinical benefit was achieved

after 6 months in 25.6% of
patients [91]

Vismodegib and
Gamma-Secretase/Notch Signalling

Pathway Inhibitor RO4929097 in
Treating Patients with Advanced or

Metastatic Sarcoma

NCT01154452 Vismodegib
(GDC-0449)

SMO
inhibitor

Adult rhabdomyosarcoma
and other

advanced/metastatic
sarcomas

Phase I
Phase II

The combination therapy was
safe but Vismodegib did not

significantly improve the
clinical efficacy of
RO4929097 [93]

A Phase I Dose Finding and Safety
Study of Oral LDE225 in Children
and a Phase II Portion to Assess

Preliminary Efficacy in Recurrent or
Refractory MB

NCT01125800 Sonidegib (LDE225) SMO
inhibitor

Rhabdomyosarcoma and
other paediatric tumours
potentially dependent on

the Hh pathway

Phase I
Phase II

Only the SHh subgroup of
medulloblastoma patients, as

defined by a five-gene signature
RT-PCR assay, responded [95]

A Safety and Efficacy Study of
Patients with Metastatic or Locally

Advanced (Unresectable)
Chondrosarcoma

NCT01310816 Patidegib/Saridegib
(IPI-926)

SMO
inhibitor Chondrosarcoma Phase II

Ended prematurely. On 14 June
2012, a planned futility analysis

of data from the study
concluded that treatment with
IPI-926 was similar to placebo
and, therefore, the trial would
not meet its primary endpoint

A Study of LY2940680 in Paediatric
Medulloblastoma or
Rhabdomyosarcoma

NCT01697514 Taladegib (LY2940680) SMO
inhibitor

Medulloblastoma and
rhabdomyosarcoma Phase I Withdrawn (Trial stopped early

for poor accrual)

Arsenic Trioxide in Treating Patients
with Advanced Neuroblastoma or
Other Childhood Solid Tumours

NCT00024258 Arsenic trioxide GLI
inhibitor

Sarcoma and other
paediatric tumours Phase II

The disease progressed in
72.7% and stabilized in 22.7%

of the patients

Arsenic Trioxide Plus Radiation
Therapy in Treating Patients with

Newly Diagnosed Malignant
Glioma

NCT00045565 Arsenic trioxide GLI
inhibitor

Gliosarcoma and other
malignant glioma Phase I No results posted

Study of Genistein in Paediatric
Oncology Patients (UVA-Gen001)

(UVA-Gen001)
NCT02624388 Genistein GLI

inhibitor
Sarcoma and other
paediatric tumours Phase II The therapy is safe and well

tolerated
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5.2. GLI Inhibitors

GLI inhibitors were highlighted as an interesting alternative to SMO inhibitors [99], as
they could overcome some of their limitations [100–102]. However, most GLI inhibitors
are still in preclinical stages, and the only two GLI inhibitors that have been clinically
tested were natural molecules, not particularly target-specific. On the one hand, Arsenic
trioxide (ATO) was approved by the FDA and the EMA for the treatment of adult acute
promyelocytic leukaemia (APL) [103]. Despite its action mechanism not being fully known,
it was recently proposed as a GLI inhibitor (among many other targets) [104–106]. There
was one phase II clinical trial that studied ATO’s effectiveness in children with sarcoma
and other childhood solid tumours. In this trial, the only information available was that
the disease progressed in 72.7% and stabilized in 22.7% of patients [107,108]. On the
other hand, Genistein, the other GLI clinically tested inhibitor, is a natural phytoestrogen
with a wide variety of pharmacological properties; it is being extensively studied for its
potential anti-tumour effects, affecting different pathways, among which, GLI1 signalling
regulation [109,110]. The only existing clinical trial in sarcomas started analysing the effect
of Genistein in ES, RMS, non-RMS Soft Tissue Sarcomas, and other paediatric tumours, but
was halted prematurely and did not continue because of poor enrolment [111]. Considering
the difficulty in inhibiting other transcription factors, the development of specific GLI
inhibitors could be a challenge in the future.

6. Hh Inhibitors in RMS: From Encouraging Preclinical Data to Disappointing
Clinical Results

Hedgehog inhibitors are thought to be a potential therapeutic alternative in about one
third of human cancers (those with the pathway active), and, very often, preclinical data
appeared to also corroborate their potential to treat them; however, clinical studies dramat-
ically lowered expectations. In fact, the only approved indications for SMO inhibitors are
BCC, MB, and AML, where Hh pathway inhibitors showed clear clinical responses. It may
be too simplistic, but as a general principle, it could be stated that SMO inhibitors work
acceptably well in solid tumours when they harbour pathway activating mutations, but
have not yet been shown to be sufficiently effective in tumours in which the pathway is
activated in a ligand-dependent manner or by non-canonical activation. The case of RMS,
a type of tumour that does not stand out for harbouring mutations in Hh pathway genes
does not constitute an exception to this general rule. Thus, despite evidence rendering the
relationship between the Hedgehog pathway and RMS clearly manifest [29,52,69–71,112],
SMO inhibitors are still a long way from their clinical application in this particular type
of sarcoma.

There are many possible explanations for the clinical failure of SMO inhibitors outside
mutation-driven cancers. One reason may be the high concentrations used in preclinical
experiments. For instance, even when using in vitro concentrations up to 300-fold higher
than the levels required to block SMO in MB, the study in RMS of Hahn et al. concluded
that the downregulation of GLI1 was very modest (or, in some cases, GLI1 expression
was upregulated). Moreover, in the same study, the effects seen on cell proliferation did
not correlate with the degree of GLI1 downregulation [113] and were only observed at
concentrations several hundred-fold higher than those required to achieve target inhibition,
strongly suggesting remarkable off-target effects. These conclusions from this interesting
preclinical work and some others appeared to seriously compromise the potential clinical
applicability of these compounds in RMS, since the high doses required are unlikely to be
achieved in patients and, if reached, they may likely be accompanied by off-target toxicities.
Thus, these studies did not support the use of SMO inhibitors for RMS treatment. In this
sense, in a recent review, Dr Tom Curran revealed numerous inconsistencies regarding
experimental designs, blaming not only the high complexity of the Hh pathway, but also
the existence of an unconscious bias due to the strong expectation regarding the impact of
Hh inhibitors on human cancer [114]. The high oncogenic involvement of the Hh pathway
has led to the development of inhibitors, without having a complete understanding of the
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mechanisms that lead to the activation of the pathway, especially in non-mutation-driven
cancers, such as RMS. Therefore, it is important to carry out an exhaustive molecular study
of the Hh pathway in tumours that do not respond to SMO inhibitors, but that show a strong
dependency on Hh ligands, in order to find new molecular targets and an effective way to
target them. Particularly for ligand-dependent cancers, the complete characterization of the
mechanism of ligand/receptor binding, including the role of the understudied pathway
co-activators (CDO, BOC, and GAS1), may be fundamental to develop new inhibitors in
the upcoming years, since there are no currently available pharmacological possibilities to
inhibit the pathway at this upstream level.

Beyond the use of SMO inhibitors, GLI inhibitors (such as GANT61), may have
potential in tumours that express high levels of these proteins and may have a broader
range of indications since they may function regardless of the presence of Hh-activating
mutations. GANT61 has shown to inhibit GLI activity in preclinical models that also leads
to tumour growth impairment [115]. GANT61 is a compound reported in 2007 from a
GLI-luciferase drug screen that effectively reduced GLI1/2 DNA-binding [116]. However,
GANT61 and other agents able to bind GLI proteins have not reached the clinical setting
to date, with no trial registered despite more than 15 years have passed since its first
description. Other agents, such as ATO and Genistein, have been tested in trials, but these
were non-specifically designed to bind GLI proteins and are thought to be far less specific.

Another promising therapeutic strategy is the combination of Hedgehog inhibitors
with other agents. Potentially, combined approaches could act on crosstalk compensatory
mechanisms with other pathways, which presumably could benefit not only patients
with initially resistant tumours but also tumours that develop resistance after receiving
targeted Hh monotherapy. However, selecting the ideal combination is highly challenging
and requires a deeper understanding of the complex mechanisms involved. Sometimes,
although there is biological evidence of interaction, some combinatory strategies are not
effective, such as Hedgehog and Notch inhibition in patients with sarcomas [93,94]. In this
context, we believe that the aforementioned types of non-canonical activation may provide
us with essential guidelines for future research in this promising field. A clear example
is the PI3K-AKT pathway, first found upregulated in MB tumours that became resistant
to Sonidegib [117], then successfully tested in preclinical models of resistant SMO mutant
tumours [118], and now been explored in a combinatory phase Ib Clinical trial of Hh and
PI3K inhibitors in advanced solid tumours [119].

In addition, the complexity of the aberrant involvement of Hh in cancer emphasises
the need for predictive biomarkers to optimise treatment selection for each patient. This
need has already been addressed with SMO inhibitors in MB, where the variable clinical
responses correlate to the genomic heterogeneity of the SHH subgroup [87,120,121]. Thus, a
report of two Vismodegib phase II studies confirmed the expected exclusive effectiveness of
Vismodegib treatment in patients with genetic alterations in SMO upstream Hh components
(loss of PTCH1). In contrast, SHH MB patients with molecular aberrations of genes down-
stream of SMO (GLI2 and SUFU) did not respond to therapy. Notably, based on a strong
diffuse P53 immunohistochemistry pattern, the authors suggested a link between TP53
DNA-binding domain mutations, which would favour gene amplification downstream of
SMO, and the consequent lack of efficacy of Vismodegib. Therefore, genome sequencing
and copy number analysis to identify Hh pathway mutations and potential cooperating
mutations were proposed for future trials [87]. However, these analyses are not suitable
for translation to the clinic given the time and quantity of samples required. Therefore, a
five-gene Hedgehog signature assayed in formalin-fixed paraffin-embedded samples by
RT-PCR was developed as a patient preselection tool for Hedgehog inhibitor therapy in
MB [122]. This five-gene Hedgehog signature (up-regulation of GLI1, SHROOM2, SPHK1,
and PDLIM3 and down-regulation of OTX2) strongly correlated with response in Sonidegib-
treated BCC and MB patients [121,123]. Additionally, Sonidegib and Vismodegib exhibited
dose- and exposure-dependent inhibition of GLI1 in tumour and normal skin biopsies.
However, GLI1 inhibition didn’t correlate with tumour responses, pointing at GLI1 as a
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good pharmacodynamic marker for SMO inhibitors but not for tumour response [87,123].
Unfortunately, no predictive biomarkers have been identified for the majority of tumour
types, including RMS. The fact that all these findings are relevant exclusively for ligand-
independent tumours (BCC and MB), hopes lie in further understanding of the different
dependencies of these two ways of aberrant Hedgehog activation. In the case of RMS, its
low incidence makes it even more challenging to find and validate potential biomarkers.
However, we consider that enrolment of the small subset of ERMS patients with PTCH1 loss
in clinical trials of SMO inhibitors could potentially benefit patients and provide valuable
new molecular data.

7. Conclusions

Pathological activation of the Hh signalling pathway is known to play an oncogenic
role in a wide range of solid tumours. Among them, those that are often associated with
oncogenic mutations in several components of the pathway (MB and BCC) clearly stand
out. In this particular cancer types, SMO inhibition has demonstrated strong clinical
potential and, specifically for these tumours, three SMO inhibitors have already reached
the clinical setting, rendering encouraging results. In these cases, the in vitro doses of SMO
inhibitors required to inhibit the pathway are relatively low. On the other hand, in the
tumour types in which pathway activation strongly relies on the presence of Hh ligands,
as in RMS, the results are far less promising. Thus, the in vitro concentrations required to
achieve anti-oncogenic effects in cell lines are very high (up to 600 times higher than in
MB) and, very often, the specific Hh pathway target downregulation observed (such as in
GLI proteins) are very disappointing, thereby suggesting an off-target toxicity that may
explain why the positive effects observed in cell lines are not reproducible in the clinical
setting. The development of GLI inhibitors is still incipient, with the majority of specific
GLI compounds in preclinical stages. Only two naturally occurring compounds, ATO and
Genistein, have reached clinical trials; but, in this case, the compounds were not designed
to specifically bind GLI proteins, and can downregulate GLI proteins, along with many
other targets. Another interesting point is the non-canonical activation, which very often
is difficult to be distinguished from the canonical ligand-dependent. The non-canonical
activation is thought to have an important role in RMS, since there is solid evidence that
several pathways (especially PI3K/AKT/mTOR and RAS/MEK/ERK) can promote GLI
protein activation in this particular type of cancer, thereby suggesting the possibility of
using combined therapies which putatively may benefit patients with refractory tumours
or even tumours that develop resistance after receiving Hh monotherapy. In this sense, the
implementation of predictive biomarkers to personalize treatment for each patient would
enormously help. This need has already been partially addressed with SMO inhibitors
in MB (clinical responses correlate to the genomic heterogeneity within SHH subgroup),
but we are still far away from this scenario in the majority of tumours (including RMS),
since no predictive Hh-pathway biomarkers have been identified to date. Finally, the
less characterised part of the pathway, the binding of ligands to the PTCH receptor and
co-receptors CDO, BOC, and GAS1, may harbour strong potential for the development of
future therapies, but these upstream elements, located in or related to the plasma membrane,
remain still largely unexplored.
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