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ARTICLE INFO ABSTRACT

Keywords: Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma accounting for 5-8% of malignant tumours
Rhabdomyosarcoma in children and adolescents. Children with high risk disease have poor prognosis. Anti-RMS therapies include
T‘ranscf‘P“’m surgery, radiation and combination chemotherapy. While these strategies improved survival rates, they have
Signalling plateaued since 1990s as drugs that target differentiation and self-renewal of tumours cells have not been
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Therapeutics identified. Moreover, prevailing treatments are aggressive with drug resistance and metastasis causing failure of

several treatment regimes. Significant advances have been made recently in understanding the genetic and
epigenetic landscape in RMS. These studies have identified novel diagnostic and prognostic markers and opened
new avenues for treatment. An important target identified in high throughput drug screening studies is reactive
oxygen species (ROS). Indeed, many drugs in clinical trials for RMS impact tumour progression through ROS. In
light of such emerging evidence, we discuss recent findings highlighting key pathways, epigenetic alterations
and their impacts on ROS that form the basis of developing novel molecularly targeted therapies in RMS. Such
targeted therapies in combination with conventional therapy could reduce adverse side effects in young survi-
vors and lead to a decline in long-term morbidity.
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1. Introduction

Rhabdomyosarcoma (RMS) is a paediatric cancer of skeletal muscle
that arises due to the failure of skeletal myoblasts to undergo differ-
entiation. RMS cells express the key myogenic protein MyoD, yet fail to
irreversibly exit the cell cycle and complete myogenesis.

RMS is histologically classified by the World Health Organization
(WHO) into four different subtypes: embryonal (ERMS), alveolar
(ARMS), spindle cell/sclerosing, and pleomorphic [1]. The two major
subtypes are ERMS and ARMS that account for 70% and 20% RMS
respectively. In terms of gene-expression, RMS can be broadly classified
as PAX3/7-FOX01 fusion-positive or fusion-negative tumours that clo-
sely associate with tumour progression, prognosis and clinical features.
Approximately 80% of ARMS tumours are PAX3/7-FOXO1 fusion po-
sitive and this translocation results in higher propensity to metastasize
to the bone marrow [2]. Expression of the fusion protein promotes
proliferation through the expression of receptor tyrosine kinase mole-
cules such as FGFR4, ALK and MET [3-5]. Fusion-negative ERMS pos-
sess heterogeneous histology with a complex karyotype, loss of het-
erozygosity, and single nucleotide point mutations [6]. Mutations in
Ras, receptor tyrosine kinase or phosphoinositide-3 kinase complex are
most commonly found. Despite significant advances in the under-
standing of the cellular and molecular mechanisms underlying the
disease, no targeted drug therapy is available for these cancers.

RMS patients are stratified for diagnosis and treatment according to
the histology and the site of occurrence of the tumour. The current gold
standard treatment for RMS is a multimodal therapeutic strategy that
was established in the 1970s (Fig. 1). Chemotherapeutic drugs vin-
cristine, actinomycin D and cyclophosphamide (VAC) form the back-
bone for the treatment along with surgery and radiation. Vincristine
and actinomycin D are used for low risk RMS patients to avoid large
cumulative alkylator exposure of cyclophosphamide that has been as-
sociated with secondary malignancies and sterility [7-9]. Patients with
intermediate risk are prescribed with VAC in combination with other
agents such as etoposide, ifosfamide, cisplatin, irinotecan, topotecan,
doxorubicin or intensifying cyclophosphamide to improved clinical
outcome [10-12]. RMS patients with PAX3-FOXO1 translocation are
often classified as high-risk and require more intensive chemotherapy
backbone using vincristine, doxorubicin and cyclophosphamide that is
alternated with ifosfamide and etoposide. This regimen considerably
improved the prognosis of RMS patients. Fig. 2 gives a snapshot of
molecular drugs that have currently shown efficacy in preclinical and
clinical trials in the two major subtypes of RMS. However, there have
been meagre improvements to treatment options since then, and cure
rates have stagnated due to the lack of targeted therapies.

Treatment modalities based on site of tumour and histological
subtype can be ineffective due to varying genetic expression profiles
within RMS subtypes. For instance, PAX3/7-FOXO1 fusion commonly
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Fig. 2. Molecularly targeted drugs for RMS. List of drugs targeting various
de-regulated molecular pathways that have shown effects in inhibiting tumour
progression either in ARMS or ERMS or both RMS subtypes.

found in ARMS is linked to aggressive tumour progression and intensive
multimodal treatment. However, a small proportion of fusion negative
patients have prognosis and molecular genetics similar to ERMS. Thus,
subjecting them to intense treatment would expose them to unnecessary
risk of late effects especially in development. Since RMS occurs in
children under the age of 15 [13], it is also essential to consider harmful
post-treatment effects including profound functional deficits, organ
toxicities and secondary cancers [14] that may manifest later in life.
The use of alkylating agents like cyclophosphamide and ifosfamide as
chemotherapy drugs have been linked to secondary malignancies. Dose-
dependent effects of alkylating agents on testicular function and ferti-
lity been reported in male patients [7,8,10] while female patients are
known to have an increased risk of premature ovarian failure and in-
fertility [15,16]. Other possible side-effects include peripheral nervous
system toxicity and cardiac dysfunction [17-19]. The inadequacy of
current standard of care is evident in less than 30% survival rate for
patients with fusion positive or overtly metastatic RMS even with most
advanced multimodal therapies [20-23]. There is a clear unmet need to
develop novel, targeted, and safer therapies for high risk RMS.

The improved understanding of genetic and epigenetic alterations in
RMS, as well as advancement in techniques to interrogate molecular
alterations has opened avenues to develop molecular therapies
[23-25]. For instance, genome-wide DNA methylation has revealed
RMS subtype-specific aberrant DNA methylation in genes associated
with tissue development, differentiation and oncogenesis. These results
suggest that RNA and DNA methylation signatures that distinguish RMS
subtypes could serve as therapeutic targets [26,27]. Targeting

Fig. 1. 5-year survival rate of RMS patients
from 1970s. The 5-year survival rate of RMS
patients increased from 1970s to 1990s with
improved molecular understanding resulting in
better diagnosis and risk stratification. The
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Table 1
Epigenetic and genetic drugs used as monotherapy or in combination in RMS.
Epigenetic and Genetic Drugs Single agent effects Combination therapy References
SAHA (HDAC inhibitor) Induction of apoptosis, differentiation and inhibition of Radio-sensitisation in ERMS, chemosensitisation of RMS to [16-18]
self-renewal, invasion and migration. doxorubicin, etopiside.
GSK126 (EZH2 inhibitor) Promote myogenic differentiation in ERMS. Synergistic effect on differentiation with 12-O-tetradecanoylphorbol-  [19]
13-acetate (TPA) in ERMS.
GSK690, E917 (LSD1 Little cytotoxicity. Induce mitochondrial apoptosis when combined with HDAC inhibitors ~ [20]
inhibitor) SAHA, JNJ-26481585.
5-aza-dc (DNMT inhibitor) Decrease proliferation and migration, induce Synergistically prevent tumour formation when combined with HDAC ~ [21-23]
differentiation and reduced tumour development. inhibitor valproic acid.
R1507 (IGF-1R inhibitor) Inhibition of cell growth. Combination with Dasatinib (multi targeted tyrosine kinase inhibitor)  [24]
synergistically inhibited cell growth.
LDE-225 (Hedgehog Induction of apoptosis. Decreased chemoresistance against irinotecan by decreasing self- [25,26]
inhibitor) renewal.

The effect of drugs in RMS when used as a single agent along with their synergistic effects in combination with other drugs.

epigenetic de-regulations may therefore be significant in development
of novel therapies [14]. Moreover, as epigenetic changes are closely
linked to chemoresistance, use of epi-drugs in combination with con-
ventional therapies may solve the current stagnant treatment efficacies.
Table 1 lists drugs targeting genetic and epigenetic pathways that have
shown efficacy either as a single agent and/or in combination with
other drugs. In addition, high throughput drug screening has shown
that reactive oxygen species (ROS) plays a role in tumour progression
which provides an additional avenue for therapeutics. [28-38]

In this review we examine key signalling pathways, epigenetic al-
terations, and the altered redox balance in RMS to explore the plausi-
bility of developing molecular targeted therapies. We also discuss the
potential of epi-drugs and redox modulators that are currently under-
going clinical trials or have shown efficacy in pre-clinical trials.

2. Genetic alterations in RMS

From molecular and genomic studies, it is evident that these tu-
mours arise from aberrant signalling and growth pathways. Genetic
alterations in RMS lead to deregulated signalling pathways that pro-
mote tumour progression. Small-molecule inhibitors or biologics that
target these pathways provide translational opportunities.

2.1. Notch signalling pathway

Notch signalling in mammals consists of four Notch transmembrane
receptors (Notch1-4) and five Notch ligands [Jagged (JAG) 1 and 2 and
Delta-like (DLL) 1, 3 and 4]. Notch signalling is activated upon ligand
binding to the Notch receptors. The receptor undergoes proteolytic
cleavage at two sites. The last cleavage is mediated by the presenilin-
containing gamma-secretase complex, which results in the formation of
the Notch intracellular domain (NICD). NICD translocates to the nu-
cleus to transcriptionally activate target genes.

In adult myogenesis, Notch signalling is upregulated in activated
satellite cells. This upregulation promotes transition into proliferating
myoblasts [39] and prevents differentiation [40]. Consistently, the
Notch pathway is activated in RMS. Notchl, Notch2 and Notch 3 are
overexpressed along with downstream targets Hesl and Heyl in PAX3-
FOXO1 fusion positive ARMS cell lines. The expression of Hesl and
Heyl coincides with invasive capacity. Treatment with gamma secre-
tase inhibitors (GSI) to block Notch activation resulted in significant
reduction in migratory and invasive capacity of tumour cells with no
effect on cell cycle progression or apoptosis [41]. ERMS tumours also
showed a high nuclear (active) Notch1. Both knockdown of Notch1 and
Heyl showed inhibition of cell growth with increased myogenin ex-
pression, and GSI phenocopied the effect of Notch suppression. In vivo,
genetic and pharmacologic inhibition of Notch blocked tumour growth
as well [42]. In addition, Notch3 was found to be activated by the li-
gands JAG1 and DLL1. Notch3 downregulation decreased proliferation

and inhibited tumour growth in vivo [43]. Conversely, overexpression
of the Notch3 intracellular (IC) domain in both ERMS and ARMS cell
lines increased proliferation through ERK1/2 phosphorylation. The
anti-proliferative effect of GSI was rescued in part by Notch3 IC over-
expression. In vivo, Notch3 IC overexpressing cells showed a higher
tumorigenic potential than controls. Consistently, a higher number of
Notch3-Hesl and Ki67 positive cells were found in both ERMS and
ARMS primary tumours compared to normal skeletal muscle [44]. In-
terestingly, in a transgenic zebrafish model of ERMS, a molecularly
distinct subpopulation of tumour propagating cells (TPC) that self-
renew and sustain tumour growth was identified. Notch1 activation was
found to expand TPC by dedifferentiating differentiated ERMS cells.
Consequently, Notchl knockdown led to a reduction in self-renewal
capacity and significantly reduced tumour growth and maintenance in
ERMS xenografts. Notchl was found to regulate TPC by upregulating
SNAIL1 that stimulates self-renewal and expansion of TPC, and sup-
presses myogenic differentiation by silencing MEF2C [33]. LY3039478,
an oral Notch inhibitor has been recently studied in a multiple part
phase I trial to determine its safety and efficacy in patients with soft
tissue sarcoma, and also in patients with gastrointestinal stromal tu-
mours. LY3039478 showed a modest clinical activity and manageable
safety profile with the most common adverse side effects being diar-
rhoea, nausea, vomiting and decreased appetite. In general, Notchl
positive tumours showed a higher response than Notchl negative tu-
mours [45,46].

2.2. IGF signalling pathway

Insulin-like growth factor (IGF) is an important regulator of muscle
growth, regeneration, hypertrophy and differentiation [47-49]. Several
components of IGF signalling such as IGF-I and IGF-II increase during
proliferation and maturation of myoblasts and myotubes respectively
[48]. In RMS, inhibition of IGF signalling decreases cell growth in vivo
[50]. IGF receptors belong to a larger class of tyrosine kinase receptors,
many of which such as IGF-1R are known to be overexpressed or mu-
tated in RMS [50-52]. Furthermore, there is a loss of imprinting of the
IGF-2 locus in both ERMS and ARMS. In fusion-positive RMS tumours,
IGF-2 is upregulated by PAX3-FOXO1 and activates IGF-2 pathway
[53]. IGF-2 has also been shown to be overexpressed and upregulated in
RMS mouse models [54]. Numerous IGR-1R inhibitors such as linsi-
tinib, BMS-754807 and picropodophyllin (PPP) were developed and
many pre-clinical studies showed optimistic results. Tarnowski et al.
[55] demonstrated that PPP effectively inhibit RMS tumour growth
both in vitro and in vivo. Both monotherapy and combination therapy
with chemotherapeutic drugs or CDK inhibitors were found effective in
pre-clinical studies [55-58]. Since then, more than 10 IGF-1R inhibitors
have entered clinical trials [59]. However, the results from phase II and
III clinical studies for IGF-1R inhibitors were disappointing. This may
be due to the complexity of the IGF-IR, presence of compensating



A. Pdl, et al.

Table 2

Drugs that have therapeutic effects through regulation of ROS.

References

Current application

Effect on ROS

Mechanism

Drugs

Chemotherapeutic drug for multiple myeloma

Rheumatoid arthritis

Increases oxidative stress and induces mitochondrial cell death

Proteasome inhibitor that results in growth arrest and apoptosis of tumour cells

Radiosensitizer

Carfilzomib
Auranofin
Cerivastin
Alvocdib

Targets thioredoxin reductase and induces overproduction of ROS

Targets RAS protein trafficking and increases ROS production

Increases ROS production

Hypercholesterolemia, Rhabdomyolysis

Acute myeloid leukaemia

Inhibits HMG-CoA-reductase and potentially decreases proliferation and invasion

Multi-serine threonine cyclin-dependent kinase inhibitor

Hypotension, cardiac arrhythmia

Increases mitochondrial ROS production

Cardiac glycoside that inhibits ATPase sodium-potassium ion pump

Ouabain

List of drugs that have an effect on ROS production in cancer cells that may potentially be used in combination therapy.
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pathways, resistance development and difficulty in patient selection
[59-61].

One of the proposed pathway that is involved in the resistance to
IGF-1R inhibitors [R1507 (IGF-1R antibody) and BMS-754807 (IGF-1R
kinase inhibitor)] is the upregulation of YES/SRC family tyrosine kinase
(SFK) [36]. SFKs are non-receptor tyrosine kinases that promote pro-
liferation, migration and invasion. SFKs are upregulated in various
cancers [36]. Dual blockage of IGF-1R and SFK pathways is therefore
proposed for RMS treatment [36]. Pre-clinical studies showed that
combination of R1507 and dasatinib (multitargeted tyrosine kinase
inhibitor) significantly inhibits tumour growth in vivo and failed to
develop resistance even after 79 days of treatment [36]. Currently,
phase I and II clinical trials of combination therapy with ganitumab
(IGF-1R antibody) and dasatinib on ERMS and ARMS are on-going to
overcome drug resistance seen with monotherapy.

2.3. PI3K/mTOR signalling pathway

One of the main pathways downstream of IGR-1R is the phospha-
tidylinositol 3’ kinase (PI3K)-AKT-mammalian target of rapamycin
(mTOR) [62]. mTOR connects two major signalling pathways: PI3K and
serine threonine kinase (LKB1), an energy-sensing pathway. mTOR
exists in two different complexes, namely mTORC1 and mTORC2. Ac-
tivation of the mTORC1 and the downstream effectors eukaryotic in-
itiation factor 4E (4E-BP1) and protein S6 kinase 1 (S6K1) are im-
portant in protein synthesis, cell growth and proliferation. Some of their
oncogenic targets include vascular endothelial growth factor (VEGF),
hypoxia-inducible factor 1a (HIF-1a) and cyclin D1 [63,64].

In RMS, upregulated IGF-1R, FGFR and EGFR signalling pathways
lead to activation of mTOR signalling through PI3K and AKT
[24,65-68]. High levels of phosphorylated AKT have been reported in
RMS cell lines and primary tumours [69,70]. Hence, this pathway has
been explored for therapeutic intervention.

Rapamycin (sirolimus) is an FDA approved natural inhibitor of
mTOR in the mTORC1 complex that acts as an immunosuppressant. It
also demonstrates promising inhibitory activity against tumour pro-
gression both in vitro and in vivo [52]. However, due to rapamycin's
poor aqueous solubility and chemical stability, several synthetic deri-
vatives including CCI-779 (temsirolimus), RADO001 (everolimus),
AP23573 and AZD8055 were developed. Pre-clinical studies of
AZD8055 showed evident anti-tumour activity again RMS and combi-
natorial treatment with ABT-737, a BH3 mimetic showed synergistic
lethality [71]. Reduced growth of RMS tumours in mouse xenograft
models was also reported [72].

2.4. RAS signalling pathway

The most common oncogenic mutation in fusion-negative RMS
(mostly ERMS) is the RAS signalling pathway. Mutations in any one of
the RAS isoforms, NRAS, HRAS or KRAS maintain the protein in its GTP
bound state and result in elevated RAS signalling in RMS [6,73]. De-
spite the differences in molecular genetics, fusion-positive RMS (mostly
ARMS) also exhibit disrupted receptor tyrosine kinase/RAS/PIK3CA
axis through the translocation of the PAX gene and accumulation of
mutations stemming from PAX3/7-FOXO1 fusion [53,74].

Due to the prevalence of RAS mutations in various cancers, con-
siderable effort has been directed at developing therapeutic interven-
tions targeting RAS signalling. However, direct targeting of RAS re-
mains a challenge and the only reported drug in clinical trial is
salirasib, which targets KRAS. Salirasib, an oral KRAS inhibitor is in
early phase I clinical trials for relapsed or refractory solid tumours.
Salirasib has been found to be safe, well tolerated by patients and seems
to prolong progression-free period [75]. However, more rigorous clin-
ical trials need to be performed to evaluate the efficacy of salirasib in
treating cancer or RMS specifically. Although direct targeting of RAS
family is challenging, the use of small molecules that targets upstream



A. Pdl, et al.

ARMS

< Entinostat <

(HDAC3 inhibitor)

¢ JQ1
(BET inhibitor)

(pan H

© Camptothecin*
(KMT1A inhibitor)

® UNCO0642
(G9a inhibitor)

* FDA approved drugs

*
© Panabinostat

* MC1945 ¢ DZNEP
(EZH2 inhibitor)

@ 5-aza-dc
(DNMT inhibitor)

Redox Biology 25 (2019) 101124

ERMS

SAHA®

DAC inhibitor)

* TSA
(pan HDAC inhibitor)
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Fig. 4. Cross talk between genetic, epigenetic and ROS deregulation in RMS. Summary of crosstalk between the genetic, epigenetic and ROS deregulation in the

two major subtypes of RMS.

or downstream molecules of RAS pathway are possible. Several BRAF
inhibitors (vemurafenib, dabrafenib) and MEK inhibitor (trametinib)
have gained US Food and Drug Administration (FDA) approval for
treatment of some RAS-driven cancers such as metastatic melanoma

[6].
2.5. WNT signalling pathway

Canonical WNT signalling is activated by binding of WNT ligands to
the frizzled receptor and co-receptor LRP5/6. This results in activation
of B-catenin, which translocates to the nucleus and aids transcription of
TCF/LEF target genes. In the absence of Wnt ligands, B-catenin is
phosphorylated by casein kinase I a (CK1la) and glycogen kinase syn-
thase 3 beta (GSK3p), and marked for degradation [76].

The importance of WNT pathway in RMS was initially shown in

p53-/-/c-fos-/- double mutant mice which develop ERMS tumours.
Since c-fos: c-jun form the predominant AP1 complex, removal of c-fos
results in an aberrant AP1 complex. Among the AP1 targets, WNT2
among other Wnt pathway genes were differentially regulated.
Canonical WNT signalling and (3-catenin were lower in ERMS compared
to normal myoblasts. Inhibition of canonical Wnt signalling was also
confirmed in ERMS cell lines [77]. Induction of Wnt pathway by the
GSK3 inhibitor LiCl induced differentiation in ERMS, with no evidence
of apoptosis. Similarly, recombinant WNT3A increased differentiation
markers MyoD, MYF5 and myogenin in both ARMS and ERMS cell lines.

A high throughput screen for drugs that induce differentiation in
ERMS identified six different classes of inhibitors: GSK3, RAF/MEK
protein kinase, PI3-kinase/AKT protein kinase, Hedgehog pathway and
HDACs along with DNA damaging agents. Of these, in vivo, the GSK3
inhibitor BIO (6-bromoindirubin-3’-oxime) was the only hit besides the
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pan-HDAC inhibitor Trichostatin A (TSA) to show growth inhibitory
effects and induction of differentiation. The induction of differentiation
by BIO seemed to be limited to ERMS. BIO activated canonical WNT
signalling in ERMS with a paradoxical decrease in mTOR signalling.
This is surprising since inhibition of GSK3p activates mTOR signalling
indicating that the induction of differentiation in ERMS is mediated
through Wnt signalling. GSK3p inhibitors were also able to decrease
TPCs in a zebrafish ERMS model as well as reduce self-renewal in ERMS
cell lines [76]. Transcriptomic analysis of human myoblasts with or
without PAX3-FOXO1 revealed that the secreted inhibitor SFRP3 was
upregulated in all PAX3-FOXO1 fusion positive ARMS cell lines. In-
hibition of SFRP3 decreased proliferation and induced apoptosis. In
mouse xenografts models, knockdown of SFRP3 resulted in a decrease
in tumour volume and weight. In vivo, SFRP3 knockdown tumours
showed increase in myogenic differentiation genes MyoD, myogenin
and Myf5. SFRP3 blockade in combination with vincristine resulted in
tumour regression in xenograft models indicating relevance of SFRP3
inhibitors in combination therapy [78].

While the role of canonical WNT signalling has been studied in RMS,
very little is known about non-canonical WNT signalling. Van Gogh-like
2 (VANGL2) protein, which is a core regulator of non-canonical WNT/
planar cell polarity (WNT/PCP) pathway was found to have a role in the
TPC population self-renewal in both human and zebrafish RMS models.
VANGI2 knockdown resulted in decreased TPC population with an in-
crease in tumour proliferation and induction of differentiation. This
effect was shown to be mediated by RhoA [79].

2.6. Hedgehog signalling pathway

The Hedgehog pathway (HH) is activated when the HH ligand binds
to the transmembrane receptor smoothened (SMO) which is otherwise
inhibited by the transmembrane protein patched (PTCH). This results in
activation of GLI transcription factors [80].

In RMS, aberrant activation of the HH pathway has been detected in
primary tumours due to genetic inactivation of PTCH1, or suppressor of
fused (SUFU), or due to amplification of GLI1 [81,82]. Although HH
pathway is known to be upregulated in RMS, the HH pathway genes
PTCH1, GLI1, GLI3 and Myf5 were expressed to a greater extent in
ERMS and fusion-negative ARMS. Interestingly, PTCH1 expression
correlated with reduced survival in patients with fusion-negative RMS.
Mice heterozygous for patched (PTCH) demonstrated a high incidence
for ERMS [83]. In patients with germline mutation in PTCH gene,
overexpression of PTCH1 and GLI1 were observed in sporadic RMS that
resembled the embryonal subtype [84]. Thus, HH inhibitors may ex-
hibit greater effectiveness in the fusion negative subgroup and also act
as a marker for fusion negative RMS tumour aggressiveness [85].
However, some studies have also shown deregulation of HH signalling
in ARMS. Inhibition of the HH pathway by forskolin decreased pro-
liferative capacity of both ERMS and ARMS cell lines equally, and in
xenograft models, decreased both tumour volumes [86]. High levels of
GLI1 mRNA were seen predominantly in ERMS specimens from patients
enrolled in Intergroup Rhabdomyosarcoma Study III and IV. However,
HH pathway activation did not show any correlation with tumour ag-
gressiveness or other clinical characteristics [87].

Inhibition of the HH pathway with cyclopamine and GANT61 de-
creased cell proliferation with GANT61 being more effective than cy-
clopamine. While GANT61 treatment resulted in apoptosis, cyclopa-
mine promoted necrosis. In vivo xenograft models also showed reduced
tumour growth upon GANT61 treatment [88]. GANT61 also inhibited
proliferation in ARMS tumour xenografts and induced apoptosis. In-
terestingly both HH pathway and mTOR signalling were inhibited by
GANT61 along with reduction in epithelial mesenchymal transition
(EMT). This study also showed that GANT61 could potentially be used
clinically to increase chemosensitivity of RMS cells against mTOR in-
hibitors rapamycin and temsirolimus as well as the mitotic inhibitor
vincristine [89]. Rapamycin was found to inhibit the growth of tumour
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xenografts of poorly differentiated RMS both by inhibition of the mTOR
pathway and HH pathway. The dual inhibition of HH and mTOR by
rapamycin also showed a decrease in EMT [90]. In line with this, cy-
clopamine or forskolin inhibited migratory and invasive capacity of
RMS cells [91].

HH pathway also plays a role in self-renewal and tumour initiating
capacity in ERMS. NANOG is positively regulated by HH pathway in
ERMS. In addition, inhibition of the HH pathway increased chemo-
sensitivity of ERMS cells to irinotecan and doxorubicin. Interestingly,
irinotecan increased sphere 