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Abstract Rhabdomyosarcomas (RMSs) are the most common soft tissue sarcomas in chil-

dren/adolescents less than 18 years of age with an annual incidence of 1e2/million. Inter/

intra-tumour heterogeneity raise challenges in clinical, pathological and biological research

studies. Risk stratification in European and North American clinical trials previously relied

on clinico-pathological features, but now, incorporates PAX3/7-FOXO1-fusion gene status

in the place of alveolar histology. International working groups propose a coordinated

approach through the INternational Soft Tissue SaRcoma ConsorTium to evaluate the spe-

cific genetic abnormalities and generate and integrate molecular and clinical data related to

patients with RMS across different trial settings. We review relevant data and present a

consensus view on what molecular features should be assessed. In particular, we recommend

the assessment of the MYOD1-LR122R mutation for risk escalation, as it has been associated

with poor outcomes in spindle/sclerosing RMS and rare RMS with classic embryonal histopa-

thology. The prospective analyses of rare fusion genes beyond PAX3/7-FOXO1 will generate

new data linked to outcomes and assessment of TP53 mutations and CDK4 amplification may

confirm their prognostic value. Pathogenic/likely pathogenic germline variants in TP53 and

other cancer predisposition genes should also be assessed. DNA/RNA profiling of tumours

at diagnosis/relapse and serial analyses of plasma samples is recommended where possible

to validate potential molecular biomarkers, identify new biomarkers and assess how liquid bi-

opsy analyses can have the greatest benefit. Together with the development of new

molecularly-derived therapeutic strategies that we review, a synchronised international

approach is expected to enhance progress towards improved treatment assignment, manage-

ment and outcomes for patients with RMS.

ª 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Rhabdomyosarcomas (RMSs) comprise a heteroge-

neous group of high-grade malignant neoplasms with a

propensity for myogenic differentiation. While RMS
may be diagnosed at any age, it is more common in

children, adolescents and young adults and accounts for

approximately half of all soft tissue sarcomas diagnosed

in the paediatric age group [1]. With the development

and refinement of multimodal treatment regimens, sur-

vival has improved substantially for many children with

RMS. However, the survival of those diagnosed with

widely metastatic or relapsed disease continues to be
very low [2,3].

The World Health Organisation recognises three RMS

histotypes that arise in young people, i.e. embryonal,

alveolar and spindle cell sclerosing RMS [4]. These pose

distinct challenges in diagnostic classification and treat-

ment. Alveolar and embryonal RMSs are the most

common histotypes in children and adolescents. In 80%
of cases with alveolar histology, balanced chromosomal

translocations involving chromosomes 2 or 1 and chro-

mosome 13 result in expression of the fusion oncopro-

teins PAX3-FOXO1 or PAX7-FOXO1, respectively, that

drive the malignant phenotypes of these tumours [5e7].

Pathological, clinical and molecular diversity is noted in

the embryonal subtype of RMS with genetic aberrations
including frequent chromosomal gains (chromosomes 2,

8 and 13), mutations of genes such as those in the RAS

pathway and specific regions of the loss of heterozygosity

and imprinting [8,9].

We strongly believe that RMS biology should directly

inform clinical trial design. In recent years, insights into

the genetics and molecular biology of RMS have pro-

vided much-needed opportunities to improve disease
classification, risk stratification, assessment of treatment

response and opportunities for targeted therapies.

Cooperative groups in Europe and North America have

begun to enhance the risk-stratification algorithms by

incorporating molecular characteristics, such as PAX3/

http://creativecommons.org/licenses/by/4.0/
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7-FOXO1-fusion gene status [10e14]. A number of

other biomarkers, including specific gene mutations/

amplifications and gene expression signatures, are

awaiting prospective validation. The collection of bio-

materials as part of clinical trials is critically important

to correlate molecular characteristics with clinical pa-

rameters and response to treatment.

The translation of preclinical findings into clinical
trials and, ultimately, standard-of-care recommendations

will be more robust and delivered substantially faster if

research priorities are coordinated by cooperative

groups. The INternational Soft Tissue SaRcoma Con-

sorTium (INSTRuCT) (https://commons.cri.uchicago.

edu/instruct/), a cooperation of the European paediatric

Soft tissue sarcoma Study Group (EpSSG) (created in

2004 by the merging of the International Society of
Pediatric Oncology e Malignant Mesenchymal Tumour

Committee [SIOP-MMT], and the Associazione

Italiana di Ematologia e Oncologia Paediatrica Soft

Tissue Sarcoma Committee), the Children’s Oncology

Group (COG) and the Cooperative Weichteilsarkom

Studiengruppe (CWS) offer a platform to harmonise

prospective molecular testing and coordinate

investigations as part of large clinical trials [15]. This
manuscript builds on a recent review of childhood RMS

pathology and the current use of immunohistochemistry

and fusion gene status [16]. Here we review and recom-

mend analyses of genetic aberrations, including fusion

genes, somatic and germline genetic aberrations and gene

expression signatures in the context of trials to determine

their possible prognostic, predictive and associated thera-

peutic implications. We also discuss the sample collection
and molecular analyses that we believe should be under-

taken in trials for further future benefits.
2. Potential for genetic biomarkers

2.1. Fusion genes

2.1.1. PAX3/7-FOXO1-fusion genes

Both the t (2; 13) (q35; q14) and less frequent t (1; 13) (p36;

q14) translocations are associatedwith themajority of the

alveolar subtype of RMS and result in fusion oncopro-

teins consisting of the N-terminal DNA-binding domains
of PAX3 or PAX7 fused to theC-terminal transactivation

domain of FOXO1 [5e7]. The presence of the PAX3-

FOXO1-fusion gene has been shown to be associated

with significant negative prognostic value in RMS in

several studies and is more frequent in adolescents than

younger patients [11,13,14,17]. Importantly, gene

expression profiling also demonstrated that PAX3/7-

FOXO1-negative alveolar histology tumours were
similar to embryonal histology tumours [10,14]. These

observations, previously reviewed in the context changing

histological criteria over time and between working

groups [16], have stimulated modifications in RMS risk
stratification that reduces the intensity of therapy for

patients with PAX3/7-FOXO1-negative, localised alve-

olar histology tumours [12,18]. Modified risk stratifica-

tion is now being evaluated prospectively in the COG

(ARST1431) and EpSSG Frontline and Relapsed-

RhabdoMyoSarcoma (FaR-RMS) studies.

The partner gene fused toFOXO1may hold additional

prognostic significance, with PAX7-FOXO1 tumours
possibly having superior overall survival compared to

PAX3:FOXO1-translocated tumours [11,13,19,20].

However, a study by Stegmaier et al. did not report sig-

nificant differences in survival between patients with

PAX7-FOXO1 versus PAX3-FOXO1-translocated local-

ised or metastatic tumours (nZ 101) [21,22]. In contrast,

a recent study of 243 patients with known PAX3/7-

FOXO1 status supported a superior outcome in cases
involving the rearrangement of PAX7 versus PAX3 [23].

Prospective assessment in the COG (ARST1431) and

EpSSG (FaR-RMS) trials, with potential to jointly assess,

will provide a more definitive evaluation.

The current diagnostic algorithms used by the

EpSSG, COG and CWS- working groups to identify

RMS gene fusions in the context of pathological

diagnosis have been recently reviewed [16]. The
immunohistochemical detection of downstream targets

of the PAX3-FOXO1-fusion proteins as well as detec-

tion of the PAX3/7-FOXO1 protein itself may be useful

in aiding diagnosis but require further validation

[24e26].

2.1.2. Rare variant fusion genes

Alternative PAX gene translocations have been identified

in a subset of PAX3/7-FOXO1-fusion negative alveolar

histology RMS, includingPAX3-AFX (FOXO4),PAX3-

NCOA1,PAX3-NCOA2 andPAX3-INO80D [23,27e29].

Barr et al. also reported two alveolar cases withPAX3 and

PAX7 fusions in which the translocation partner
remained unknown [27]. Non-PAX gene translocations

are associated with spindle cell RMS where the genes

encoding the serum response factor SRF and the tran-

scription factors TEAD1 and VGLL2 fuse with the nu-

clear receptor coactivator NCOA2 [30,31]. The

transcription coactivator CITED2 may also fuse to

VGLL2 [30]. Of note, spindle cell RMS with recurrent

NCOA2 or VGLL2 gene fusions have been associated
with very young age at diagnosis, localised disease and

excellent outcomes [30e33], although high-grade trans-

formation has been described in four cases with VGLL2

gene fusions [34]. A group of tumours with the extensive

cytodifferentiation resembling RMS but with infiltrative

borders and nuclear atypia was also recently shown to

harbour SRF fusions with NCOA1 or FOXO1 [35].

Finally, although more common in adults, a primary
osseous spindle cell RMS subtype has been recently

described [36e38]. The limited number of cases with

EWSR1/FUS-TFCP2 rearrangements tends to show a

hybrid spindled and epithelioid morphology with a

https://commons.cri.uchicago.edu/instruct/
https://commons.cri.uchicago.edu/instruct/


Fig. 1. Fusion genes associated with histopathological subtypes of rhabdomyosarcomas (RMS). (a) Fusion genes involving PAX3/7 and (b)

Fusion genes involving genes other than PAX genes.
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frequent expression of cytokeratins and ALK and have

poor outcomes [39], while those with NCOA2-MEIS1

fusions show aprimitive, fascicular pattern. Additionally,

new fusion genes have recently described in spindle cell

RMS, including EP300-VGLL3, CAV1-MET and

HMGA2-NEGR1 [40]. More data on all of these rare
subtypes, summarised in Fig. 1, are needed to determine

their molecular function and range in clinical character-

istics and prognosis. Furthermore, the application of

increasingly powerful and accessible sequencing tech-

nologies, including RNA sequencing, may facilitate bio-

logical understanding and the identification of additional

rare fusion genes.

2.2. Genetic predisposition to RMS

Having a cancer predisposition syndrome is one of the
strongest risk factors for developing RMS. Pathogenic/

likely pathogenic (P/LP) germline variants in cancer

predisposition genes in RMS development are sum-

marised in Table 1. The genetic syndromes that have

been implicated in susceptibility to RMS include (i) Li-

Fraumeni (frequently associated with pathogenic TP53

germline variants) [41]; (ii) neurofibromatosis type 1

(associated with pathogenic variants in NF1) [42]; (iii)
nevoid basal cell carcinoma syndrome (frequently

associated with pathogenic PTCH1 and SUFU germline

variants) [43]; (iv) DICER1 [44]; (v) Costello (frequently

associated with pathogenic HRAS germline variants)
[45]; (vi) Noonan (a RASopathy linked to pathogenic

variants in several germline genes including CBL) [46];

(vii) Beckwith-Wiedemann (associated with abnormal

regulation of genes encoded by two imprinting centres at

11p15) [47e49] (see Section 2.2.2) (viii) Nijmegen

Breakage Syndrome with mutations in NBN [50] and
(ix) Rubinstein Taybi syndrome with mutations in

CREBBP and EP300 [51].

The advent of large-scale whole-exome and genome

germline sequencing has facilitated a comprehensive

approach to evaluating P/LP variants in cancer predis-

position genes among children, adolescents and young

adults diagnosed with RMS. Five studies have, thus far,

been published evaluating a spectrum of cancer predis-
position genes (ranging from 70 to 204 genes) in patients

with RMS (total 1207 patients; 21 to 615 patients per

study) < 29 years of age (Table 1). The reported prev-

alence of P/LP variants was 7e17% [52e56]. True her-

itability of RMS may be even higher and caused by

variants in genes not yet recognised as relevant cancer

predisposition genes, rare variants and/or interactions

between variants [57]. Parallel tumour/germline
sequencing studies and subsequent functional in-

vestigations are needed to further delineate the land-

scape of pathogenic germline variants that contribute to

the RMS development.

The most frequent P/LP germline variants identified

in patients with young-onset RMS were detected in

TP53, NF1, and BRCA2 (Table 1). Most P/LP variants



Table 1
Cancer predisposition genes (CPGs) with pathogenic/likely pathogenic (P/LP)a variants detected in children, adolescents and adults diagnosed

with RMS.

CPG HGNCb approved

name

OMIMc Zhang et al. 2015d

43 probands

< 20 yo

7% P/LP CPGs

Gröbner

et al. 2018e

21 probands

< 25yo

14% P/LP

CPGs

Akhavanfard

et al. 2020f

134 probands

< 29 yo

7% P/LP CPGs

Li et al. 2020g

615 probands

< 25 yo

8% P/LP CPGs

Kim et al. 2020h

394 probands

< 25 yo

17% P/LP CPGs

TP53 Tumour protein

p53

191170 2 1 1 11 6

NF1 Neurofibromin 1 613113 0 1 2 9 4

BRCA2i Breast cancer 2,

early onset

600185 1 1 1 6 2

GBA Glucosylceramidase

beta

606463 Na 0 0 na 7

MUTYH MutY homologue 604933 0 0 0 na 7

ATM ATM serine/

threonine kinase

607585 0 0 1 na 4

DICER1 Dicer 1,

ribonuclease type

III

606241 0 0 1 2 2

ERCC2 ERCC excision

repair 2, TFIIH

Core Complex

Helicase Subunit

126340 0 0 0 na 5

HRAS HRas proto-

oncogene, GTPase

190020 0 0 0 5 0

MMR

genes

Mismatch repair

genes

609309/600678/

600259/120436

0 0 0 3 2

SBDS SBDS ribosome

maturation factor

607444 Na 0 0 na 5

RECQL4j RecQ protein-like 4 603780 0 0 0 3 1

BLMj Bloom syndrome,

RecQ helicase-like

210900 0 0 0 2 1

CBL Cbl proto-oncogene 165360 0 0 0 2 1

SDHx Succinate

dehydrogenase

complex, subunit A/

B/C/D

600857/185470/

602413/602690

0 0 0 3 0

TRIM37 Tripartite motif

containing 37

605073 Na 0 0 na 3

ABCB11 ATP binding

cassette subfamily B

member 11

603201 Na 0 0 na 2

BUB1Bj BUB1 mitotic

checkpoint serine/

threonine kinase B

602860 Na 0 0 1 1

CHEK2 Checkpoint kinase

2

604373 Na 0 1 0 1

COL7A1 Collagen type VII

alpha 1 chain

120120 Na 0 0 na 2

SMARCA4 SWI/SNF-related,

matrix-associated,

actin-dependent

603254 0 0 1 0 1

ALK ALK receptor

tyrosine kinase

105590 0 0 0 1 0

ATR ATR serine/

threonine kinase

601215 Na na 1 na 0

BRCA1 Breast cancer 2,

early onset

113705 0 0 0 1 0

CDKN1C Cyclin-dependent

kinase inhibitor 1C

600856 0 0 0 0 1

DOCK8 Dedicator of

cytokinesis 8

611432 Na 0 0 na 1

(continued on next page)
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Table 1 (continued )

CPG HGNCb approved

name

OMIMc Zhang et al. 2015d

43 probands

< 20 yo

7% P/LP CPGs

Gröbner

et al. 2018e

21 probands

< 25yo

14% P/LP

CPGs

Akhavanfard

et al. 2020f

134 probands

< 29 yo

7% P/LP CPGs

Li et al. 2020g

615 probands

< 25 yo

8% P/LP CPGs

Kim et al. 2020h

394 probands

< 25 yo

17% P/LP CPGs

ERCC5 ERCC excision

repair 5,

endonuclease

133530 0 0 0 na 1

FANCA FA

complementation

group A

607139 0 0 0 na 1

FANCC FA

complementation

group C

613899 0 0 0 na 1

FGFR4 Fibroblast growth

factor receptor 4

134935 Na na na na 1

FH Fumarate

hydratase

136850 0 0 0 0 1

PTCH1 Patched 1 601309 0 0 0 1 0

PTEN Phosphatase and

tensin homologue

158350 0 0 0 1 0

RET Ret proto-oncogene 164761 0 0 0 0 1

SERPINA1 Serpin family A

member 1

107400 Na 0 0 na 1

TRIP13j Thyroid hormone

receptor interactor

13

604507 Na na na 1 0

Abbreviations: na, not analysed; P/LP, pathogenic/likely pathogenic.
a Class 4/5 according to ACMG guidelines.
b HUGO Gene Nomenclature Committee.
c All variants detected in autosomal recessive CPGs were mono-allelic.
d (Likely) pathogenic variants in 89 CPGs among 43 patients diagnosed with RMS <20 years of age.
e (Likely) pathogenic variants in 162 CPGs among 21 patients diagnosed with RMS <25 years of age.
f (Likely) pathogenic variants in 204 CPGs among 134 patients diagnosed with RMS under 29 years of age.
g (Likely) pathogenic variants in 70 CPGs among 615 patients diagnosed with RMS <25 years of age.
h (Likely) pathogenic variants in 130 CPGs among 394 patients diagnosed with RMS <25 years of age.
i P/LP BRCA2 variants detected by Li et al. were significantly enriched in RMS cases compared to controls.
j P/LP variants in RECQL4, BLM, BUB1B, TRIP13 detected by Li et al. were not significantly enriched in RMS cases compared to controls.
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detected in autosomal recessive cancer predisposition

genes were mono-allelic [52e56]. Kim et al. reported

two patients with embryonal RMS and biallelic germline

variants in ERCC2, as well as one patient with embry-

onal RMS and biallelic germline variants in BRCA2

[54]. Relatively frequent germline variants in BRCA2,

Fanconi anaemia and mismatch repair genes were un-

expected [53,56e59]. Li et al. noted that only BRAC2

variants were significantly enriched in RMS cases

compared to controls, and no autosomal recessive var-

iants were significantly higher in patients with RMS [55].

Additional studies are needed to fully evaluate the role

of these genes on RMS susceptibility.

Germline sequencing efforts in RMS also indicated

that the age at diagnosis and RMS histotype may point

towards a P/LP germline background [54,55]. P/LP
variants in cancer predisposition genes were detected

more frequently in children diagnosed with RMS at an

earlier age (i.e. three years of age or younger) [55,60].

The majority of RMS in the context of cancer
predisposition syndromes appears to be of the embry-

onal subtype [55]. This is consistent with the observation

that patients with embryonal RMS have higher rates of

family members with a history of cancer and higher

frequency of secondary primary neoplasms than those

with alveolar histology [61,62], although future assess-

ment of predisposition should clarify PAX3/7-FOXO1

status and other somatic genetic changes.
Circumstantial evidence has linked P/LP germline

variants in cancer predisposition genes to specific RMS

phenotypes: TP53 P/LP germline variants were reported

in 11 of 15 children with diffusely anaplastic RMS and

young age at diagnosis [60,63]. NF1 P/LP germline

variants were associated with urogenital primary tu-

mours and young age at diagnosis [64,65]. DICER1 P/

LP germline variants were linked to primary tumours in
the female urogenital tract [44]. PTCH1 and SUFU P/

LP germline variants were observed in patients with

highly differentiated, rhabdomyoma-like RMS [43].

Around 50% of RMS with TP53 germ line variants were
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located in the head and neck (n Z 20) in two studies

[63,66]. It will be important to further explore germline

genotypeephenotype correlations to facilitate recogni-

tion of P/LP germline variants in children, adolescents

and young adults diagnosed with RMS. With respect to

the association of germline cancer predisposition variant

with outcome, Kim et al. reported that P/LP germline

variants was not associated with outcome, however, this
study was limited by small numbers and only included

patients at intermediate-risk [54]. Therefore, further

investigation in the association of P/LP germline vari-

ants with the toxicity of treatment, predisposition to

second malignancies and outcome are warranted and

may provide further risk stratification for therapy.

2.3. Loss of imprinting

The disproportionate occurrence ofRMS in childrenwith

certain cancer predisposition syndromes [55] includes

those with the abnormal regulation of genes encoded by
two imprinting centres on chromosome band 11p15.

Genomic imprinting is an epigenetic control mechanism

whereby gene expression (most often a cluster of genes)

occurs from only one of the maternal or paternal alleles.

Older nomenclature commonly referred to ‘maternal or

paternally imprinted genes,’ but it is more accurate to

statewhether a gene is ‘maternally or paternally expressed

or repressed’ [67]. Based on contemporary genomic
studies, there are at least 200 imprinted genes in the

human genome [68].

Critical to proper genomic imprinting is the

‘imprinting control region,’ [69]. The imprinting control

region is rich in CpG (cytidine-phosphate-guanosine)

repeats [70] which are differentially methylated between

the maternal and paternal alleles. Methylation can drive

two different cis-regulatory mechanisms. First methyl-
ation can alter access to the DNA of architectural pro-

teins, such as the loss of CTCF binding [71], leading to

enhancer hijacking and increased expression of Insulin

Growth Factor 2 (IGF2) due to the altered chromatin
Fig. 2. Imprinting and loss of imprinting at 11p15.5 locus. Left: The 11

methylation (CH3) imprinting. Right: LOI due to hypomethylation

several genes regulated by the lncRNA KCNQ1OT1, including the tum

the H19/IGF2 locus inhibits H19 expression and results in gain of IGF2

happen together through a paternal uniparental disomy (duplication o

loss of imprinting; lncRNA, long non-coding RNA.
looping (Fig. 2). Second, methylation can inhibit the

expression of a locus-specific long non-coding RNA

(lncRNA) that modifies chromatin structure and acces-

sibility, suppressing downstream genes. Loss of

imprinting (LOI) in cancers can lead to inappropriate

expression levels of growth-control genes that should be

maternally or paternally expressed or repressed. Themost

well-known genomic locus affected by LOI and LOH is
the locus at chromosome 11p15.5 that is frequently

involved in RMS (Fig. 2).

The 11p15.5 locus contains two imprinting centres,

IGF2/H19 and CDKN1C/KCNQ1OT1, and has been

shown to be aberrantly methylated in a variety of can-

cers [72]. LOI of the paternal allele at the IGF2/H19

locus due to hypomethylation leads to the gain of CTCF

binding to an insulator, that leads to increased expres-
sion of the lncRNA H19, that repressed the expression

of IGF2, resulting in growth restriction syndromes like

Russell-Silver syndrome (no increased cancer risk) [73].

On the other hand, hypermethylation of the same

insulator at the IGF2/H19 locus due to hyper-

methylation leads to inappropriate overexpression of

IGF2 and has been implicated in a number of cancers

including Wilms tumour [74,75] (Fig. 2).
LOI due to hypomethylation on the maternal allele

results in the loss of function of several genes regulated

by the lncRNA KCNQ1OT1 [76], including the tumour

suppressor CDKN1C. This loss of CDKN1C is a hall-

mark Beckwith-Wiedemann overgrowth syndrome, and

indeed children with Beckwith-Wiedemann syndrome

are at an increased risk of embryonal tumours including

RMS [77]. HRAS, which is mutated in Costello syn-
drome, is also located at 11p15.5 and associated with

paternal uniparental disomy and predisposition to RMS

tumour development [78]. Importantly, the 11p15.5

locus is dysregulated in a high proportion of RMS cases

(embryonal and alveolar), even in the setting of no

known developmental syndrome [78].

The status of imprinted loci in RMS is not routinely

assessed, but this could be accomplished by high
p15.5 locus showing the normal paternal and maternal pattern of

of the KCNQ1OT1/CDKN1C locus leads to loss of function of

our suppressor CDKN1C. LOI as a result of hypermethylation of

function. Whilst not depicted here, often in RMS these alterations

f entire paternal allele and corresponding loss of maternal). LOI,
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through-put genomic methods, including assessing

methylation status at specific genomic loci and expres-

sion of lncRNAs that control these regions. To our

knowledge, these assays at imprinted loci have not been

used as a prognostic biomarker in RMS (although they

are being examined in other cancers). To further un-

derstand the role and specific molecular mechanisms

regulating LOI in syndromes and RMS tumours may
lead to the identification of novel-related drug targets.

2.4. Mutations and amplifications with prognostic impact

The mutational landscape of RMS has been examined
using whole-genome sequencing [8,79], whole-exome

sequencing [80] and hybrid capture sequencing panels

containing selected genes previously shown to be

mutated or to have undergone copy number alteration

in RMS [81e85]. The frequency of mutations in PAX3/

7-FOXO1-fusion positive RMS (being primarily driven

by the presence of the fusion protein) is consistently

found to be lower than in PAX3/7-FOXO1-fusion-
negative RMS, where approximately 80% of tumours

have at least one mutation.

The most common finding in PAX3/7-FOXO1-fusion

negative tumours was mutated at least one member of

the RAS pathway, affecting over half of all cases.

Approximately a third of all FN tumours harbour

mutations in one of the RAS genes (not only

predominant NRAS but also HRAS and KRAS ). The
most recent study described a non-random distribution

of these RAS mutations with age, with HRAS strongly

associated with under one-year olds, KRAS more

frequent in toddlers and NRAS showing peak incidence

in adolescents [84]. Despite the evidence that PAX3/7-

FOXO1-fusion negative RMS appears to be RAS

driven in the majority of cases, there is no suggestion

that somatic RAS pathway gene mutations portend a
poorer outcome.

Although more frequent in PAX3/7-FOXO1-fusion

negative RMS, TP53 mutations have been found to

correlate with outcome in both PAX3/7-FOXO1-fusion

negative and PAX3/7-FOXO1-fusion positive RMS and

represents a potentially important biomarker of risk

[80,81,84]. As the germline status was not known in some

of these studies, it is currently unclear if the worse
outcome applies to somatic or germlinemutations or both

[86]. Introducing a homozygous tp53 null genotype

enhanced invasion andmetastasis in akRASG12D-induced

ERMS zebrafish model but did not alter the overall fre-

quency of cancer stem cells suggesting an enhanced pro-

metastatic potential association with p53 [87]. TP53 mu-

tations identified in patients with RMS include insertion

and deletions with the loss of heterozygosity or non-
synonymous point mutations that confer either a domi-

nant-negative or gain of function effects.

MYOD1 is a member of the basic helixeloopehelix

muscle regulatory factor family and is required for
muscle differentiation. A particular missense mutation

(L122R) has been associated with around a third of the

spindle/sclerosing morphologic subtype of RMS,

although, importantly, it has also been found in RMS

with typical ERMS histology [84] (Fig. 3). This muta-

tion is more frequently seen in tumours from older pa-

tients with RMS [84]. The L122R mutation in the

MYOD1 gene uniquely alters the DNA-binding capacity
of MYOD1 protein so that it acquires the ability to bind

to c-Myc binding sites and enable a Myc-driven tran-

scription program in addition to retaining the ability to

bind to MYOD binding sites [88]. MYOD1L122R mutant

cases typically show very strong MYOD1 immunohis-

tochemical staining that may be a useful indicator of

cases harbouring this somatic MYOD1L122R mutation

(Fig. 3).
Although MYOD1L122R account for only w3% of

PAX3/7-FOXO1-fusion negative RMS, MYOD1L122R

mutated tumours are highly aggressive and have a very

poor outcome [84,89,90]. They predominantly, but not

exclusively, arise in the head and neck region, and the

MYOD1L122R mutation can co-occur with other gene

mutations, most notably PIK3CA, genes associated with

the RAS pathway or CDKN2A [84,91]. CDKN2A mu-
tations may have prognostic value independent of

MYOD1L122R, but due to the low overall numbers

identified to date, further prospective evaluation is

required. MYOD1L122R cases will be excluded from low-

risk studies by COG but how to screen for, risk-stratify

and treat MYOD1L122R mutant tumours is under

consideration in both COG and EpSSG.

Recently, a lack of nuclear MYOD1 immunostaining
in ERMS and spindle cell sclerosing RMS, that con-

trasts to the high level of staining associated with L122R

mutations, has also been associated with inferior

outcome, although numbers reported are so far small

[92]. As MYOD1 is a key determinant of apparent dif-

ferentiation status in RMS tumours, this lack of nuclear

expression may reflect a relatively undifferentiated state.

There are two recurrent amplicons whose prognostic
significance has been investigated in PAX3/7-FOXO1-

fusion positive RMS. The 12q13-14 amplicon containing

many genes including CDK4 has been associated with a

poor prognosis in PAX3/7-FOXO1-fusion positive RMS

[93], although small numbers limited conclusions for

CDK4 in a recent study [84]. The 2p24 amplicon con-

taining the MYCN oncogene has not consistently been

found to be associated with a poor outcome in PAX3/7-

FOXO1-fusion positive RMS either. Two reports

demonstrated a relationship between increased 2p24

copy number and inferior outcome [94,95] although a

more recent investigation failed to find a statistically

significant association [93]. CDK4 and MYCN amplifi-

cation will be prospectively assessed for prognostic value

independent of PAX3-FOXO1 status in the next COG

high-risk RMS study ARST2031 and by EpSSG in the
FaR-RMS international trial.



Fig. 3. Strong MYOD1 immunohistochemistry staining in rhabdomyosarcomas (RMS) with MYOD1 L122R mutation. (a) and (b) show

H&E and MYOD1 immunohistochemistry staining, respectively, of a sclerosing RMS case with mutant in MYOD1. (c) and (d) are H&E

and MYOD1 immunohistochemistry staining, respectively, of an embryonal RMS with rhabdomyoblastic differentiation (Scale bar, 50

microns).
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3. Potential for biomarker detection and analyses using

liquid biopsies

Recent technological developments have extended mo-
lecular testing of tumours to include the analysis of

circulating tumour-derived material shed by tumours

into bodily fluids such as blood, urine and saliva. This

approach, known as a ‘liquid biopsy’, may help to

overcome the spatial limitations and sampling errors

associated with tissue biopsies, as they can capture in-

formation from tumour cells which otherwise may not

have been sampled due to their anatomical location [87].
Furthermore, as a minimally-invasive technique, liquid

biopsies can be collected at multiple time points

throughout patient treatment and follow-up. This may

not only remove the need for serial tissue biopsies (and

thus helps to reduce children’s exposure to anaesthesia

and imaging procedures) but also may enable the real-

time assessment of disease burden and treatment

response. As such, liquid biopsies hold enormous po-
tential for RMS screening, diagnosis, risk stratification

and monitoring (Fig. 4).

Given that drug resistance and disease recurrence are

the major causes of mortality in patients with RMS,

there is an urgent need to implement monitoring tools

which have the ability to track tumour evolution and

detect relapse at the earliest possible stage. Furthermore,

the development of a sensitive and specific screening test
for those with an increased risk of developing RMS (e.g.

children carrying a pathogenic TP53 germline variant)

may help to reduce some of the morbidity associated

with late diagnosis. Evidence from studies in adult and

other paediatric cancers suggests that liquid biopsies

hold promise although the demonstration of clinical
utility in RMS is currently limited [91,96e98].

RMS studies to date have primarily focused on the

quantification of circulating tumour DNA (ctDNA) in

patient blood. Eguchi-Ishimae et al. employed qPCR to

quantify the levels of the PAX3-FOXO1-fusion in serial

samples of plasma and bone marrow from a patient with

alveolar RMS, demonstrating that ctDNA was detect-

able prior to radiological evidence of relapse [99].
Similarly, Klega et al. used a targeted sequencing panel

and whole-genome sequencing to detect PAX3-FOXO1

rearrangements in ctDNA from 7 patients with alveolar

RMS [96]. Importantly, both studies showed that

ctDNA levels over time reflected the patient response to

treatment, suggesting that ctDNA may be a viable

biomarker for monitoring patients with RMS. PAX3-

FOXO1-fusion transcripts have recently been detected
in cell-free exosomal RNA by RT-qPCR [100].

The PAX3/7-FOXO1-fusion gene presents an obvious

target for analysis given its specificity to RMS and

impact upon patient prognosis with potential for high

sensitivity and quantitative tracking using droplet digital

PCR [11]. However, it is also necessary to identify other



Fig. 4. Overview of liquid biopsy components and potential biomarkers and applications in RMS. CTCs Z circulating tumour cells;

ctDNA Z circulating tumour DNA; EVs Z extracellular vesicles; miRNAs Z microRNAs.
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markers particularly for those patients who are classified
as PAX3/7-FOXO1-fusion negative. These may include

other genomic aberrations described above and use of

panel, whole-exome and genome sequencing strate-

gies. Importantly, particularly whole-exome and whole

genomic methods will allow the identification of new,

clinically-relevant aberrations that may emerge during

clonal evolution of the tumour and in relapsed disease

which may be of clinical relevance.
The analyses of circulating targets may also include

cell-free proteins and RNAs in circulating tumour cells

(CTCs) or extracellular vesicles. Some investigations

support potential for these other circulating markers for

RMS; however, they remain underexplored [101e105].

Future studies may capitalise on new technologies

developed for the capture and isolation of CTCs or

extracellular vesicles, and may also expand into other
biofluids such as urine, saliva or cerebrospinal fluid,

which may be particularly relevant for RMS in the

bladder, head and neck or brain.

One drawback of liquid biopsies is the potential for

variability in sample collection, processing and analysis

between centres. It is essential that any liquid biopsy

study follows the established preanalytical standards

and assay development guidelines (such as those set out
by the National Cancer Institute) in order to accurately

assess the full potential of liquid biopsies [106]. Further

research is also needed into the patient-related factors

that may impact biomarker levels, such as the dynamics

of ctDNA during patient treatment, as this will help to

determine the optimal volumes and time points for

collection of liquid biopsy samples. This and the

assessment of clinical value will require prospective in-
vestigations in the context of international large-scale

clinical trials, such as the FaR-RMS and ARST1431

trial, and coordinated collaborative efforts.
4. Prognostic value of gene expression signatures

An alternative strategy using a single genetic mutation

or structural aberrations in molecular risk stratification

is to harness the prognostic power of gene expression

signatures. Identifying ‘signatures’ of minimal sets of

genes whose expression has maximal predictive value are

already used clinically (e.g. Mammaprint, BluePrint and
Oncotype DX in breast cancer) [107].

Several prognostic signatures have been described for

RMS. A signature derived from the ectopic expression of

PAX3-FOXO1,whichwas independent of classical clinical

risk factors, could stratify ARMS patients into low, in-

termediate and high-risk categories [108]. This is perhaps

unsurprising due to the later finding thatPAX3/7-FOXO1-

fusion negative patients with ARMS generally behaved
clinically more like patients with ERMS and had tumour-

associated gene expression profiles that were more similar

to those in ERMS than fusion positive samples [14]. A

subsequent 34 gene signature based on all RMS subtypes

[109] was later validated, but correlated with fusion gene

status [11]. A signature comprising just five genes demon-

strated predictive promise within patients with PAX3/7-

FOXO1-fusion negative tumours [11] and has also been
validatedasprognostic for patientswithin the intermediate

risk category established by COG [110].

More recently, the signature called Complexity INdex

in SARComas (CINSARC), which was established in

adult sarcomas, has been applied to RMS [111]. CIN-

SARC was derived from the differential expression of

genes between sarcomas with different clinical grade.

CINSARC also incorporated high or low comparative
genomic hybridisation genetic imbalances and genes

from a previously described chromosome instability

signature [112]. CINSARC can successfully predict

metastasis in many different sarcoma subtypes with
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complex karyotypes and has recently been linked with

increased ploidy, intratumour heterogeneity, copy

number alterations and a decrease of DNA methylation

[113]. Paediatric sarcomas tend to have less chaotic ge-

nomes and yet CINSARC correlated with outcome in

an RMS cohort that included both fusion gene positive

and negative RMS. However, when paediatric and ad-

olescents/young adults were tested separately, only
CINSARC in the paediatric cases correlated signifi-

cantly with outcome [111]. Analyses of additional and

larger series are required. The increasing practicality of

obtaining and applying gene expression signatures,

including the use of formalin fixed samples, enables their

validation and potential for future use in risk stratifi-

cation for RMS.

5. Therapeutic targetability of genetic aberrations

Specific genetic aberrations in RMS tumours, identified

through sequencing analyses of tumour samples or

liquid biopsies, may indicate targets for therapeutic

intervention (Fig. 5).

5.1. Potential to therapeutically target PAX3-FOXO1

PAX3-FOXO1 is an intrinsically disordered protein

with no catalytic activity or drug binding pockets which
Fig. 5. Schematic of therapeutic targets in RMS based on somatic genetic

view of pathways in both PAX3/7-FOXO1-fusion gene positive and

genetic aberrations activating the RAS pathway, with cross talk to th

tumours is much less (w12%). However, several RTKs (e.g. FGFRs, I

positive RMS e in fusion gene positive cases as a consequence of

Therefore, the hyperactivation of these pathways is common to both su

more frequently in fusion negative tumours but are present and pote

surface targets by approaches such as CAR-T therapy also hold some p

both direct and indirect targeting of the PAX3-FOXO1-fusion prote

AURKA, or regulators of activity/stability, such as PLK1. In addition

create associated vulnerabilities that are targetable (See text for furthe

with a black outline whereas those amplified or deleted are indicated b

RTK, receptor tyrosine kinase.
to date has precluded direct pharmacologic targeting.

Early efforts in PAX3-FOXO1 biology were directed at

inhibiting the downstream transcriptional targets (ef-

fectors) of PAX3-FOXO1. However, many studies have

shown that the inhibition of even catalytically tractable

PAX3-FOXO1 targets, such as receptor tyrosine kinases

IGF1R, FGFR4, ALK and MET, did not effectively

impair fusion positive RMS cell growth due to rewiring
of signalling pathways and the likelihood that their in-

hibition is not sufficient for full blockade of PAX3-

FOXO1 activity [114]. Recent efforts have shifted to

targeting proteins that modulate or co-regulate PAX3-

FOXO1 activity such as proteins that control the life-

cycle of PAX3-FOXO1 (synthesis, activation or degra-

dation of PAX3-FOXO1) [115e118].

Epigenetic modifiers and chromatin remodelers are
also relevant although the inhibitors of these generally

pose toxicity issues at clinically-relevant doses. These

include the HDAC inhibitor entinostat that impairs the

growth of PAX3-FOXO1 positive RMS, in part through

decreasing PAX3-FOXO1 protein levels [119,120]. Also

targeting the bromodomain protein BRD4, that is

required for PAX3-FOXO1 activity via its histone ace-

tyltransferase activity, contributes to the decompaction
of chromatin and the stability of PAX3-FOXO1 [121].

Efforts to harness immunotherapy techniques to target

PAX3-FOXO1 include targeting the PAX3-FOXO1
aberrations. (a) Shows potential therapeutic targets in a simplified

negative RMS. More than half of fusion negative RMS harbour

e PI3K pathway, whereas mutation frequency in fusion positive

GF1R, ALK and MET) are expressed in both fusion negative and

being downstream transcriptional targets of the fusion protein.

btypes. Similarly, TP53 mutations and MDM2 amplification arise

ntially targetable in both subtypes. Immune-targeting specific cell

romise. (b) Therapeutic targets and agents are indicated involving

in. These include targeting binding partners, such as BRD4 and

, processes induced by the fusion protein, such as replicative stress,

r details). Proteins encoded by genes mutated in RMS are shown

y a red or green outline, respectively. RMS, rhabdomyosarcoma;
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protein breakpoint epitope via vaccine or targeting cell

surface effector proteins of PAX3-FOXO1 (FGFR4,

IGF1R and PDGFR alpha) via monoclonal antibodies,

Chimeric AntigenReceptor TCell (CAR-T) or CAR-NK

cells [58,122e124]. Targetingmyeloid-derived suppressor

cells (MDSC) may improve efficacy of CAR therapies in

RMS [125]. However, further studies are required to

determine the best approach to apply immunotherapy to
RMS [123,126].

It is debated whether RMS continue to depend upon

PAX3-FOXO1 protein expression for their tumouri-

genic properties in the recurrent or metastatic clinical

setting. At least in primary cell-line derived models,

there is some evidence that conditionally-expressed

PAX3-FOXO1-driven xenografts can recur even after

PAX3-FOXO1 expression is silenced [127]. Demon-
strating the loss of the fusion gene in advanced tumour

tissue in clinical cohorts would support clonal evolution

towards a loss of dependency.

5.2. Putative actionable genetic aberrations

The RAS pathway is altered in the majority of PAX3/7-

FOXO1-fusion negative RMS, involving HRAS, KRAS

or NRAS genes in approximately a third of these cases

[84]. Candidate compounds in current clinical trials

include farnesyl protein transferase inhibitors (FT-ases)

such as tipifarnib and lonafarnib, which are designed to

prevent the lipidation of RAS proteins, preventing bind-
ing to the plasma membrane where RAS activation oc-

curs. The discovery that KRAS and NRAS can undergo

lipidation via non-RASdependantmechanisms, indicates

that this class of compounds may be limited to HRAS-

mutant-driven tumours [128], which is being assessed in

trials that include patients with RMS (NCT04284774

[National Cancer Institute]). More recently, small mole-

cule inhibitors (tetrahydropyridopyrimidines, AMG510
[Amgen Inc.]) have been designed to specifically and

irreversibly bind to KRASG12C and trap it in its inactive

GDP-bound state [129,130]. Ongoing clinical trials are

assessing these compounds in KRASG12C mutated tu-

mours and, while these would be expected to help a small

minority of patients with RMS, it is hoped that future

compounds will target a more expansive array of RAS

mutant proteins. The use of mutant-specific inhibitors
allows tumour cells to adapt by upregulating signalling

through any normal unmutated RAS alleles present.

Overcoming this adaptation by using an inhibitor against

SHP2 (which mediates signalling from many receptor

tyrosine kinase receptors in combination with a mutant

-specific RAS inhibitor) proved effective in a preclinical

study and suggests that use of vertical pathway inhibition

strategies may be necessary to prevent rapid resistance to
mutation-specific RAS inhibitors [131].

Beyond the RAS genes, there are many mutations in

RAS pathway genes that contribute to activation of the

pathway both above RAS with copy number gain or
mutation of RTK-encoding genes such as FGFR4 and

less frequently FGFR1, IGF1R, PDGFRA, MET and

ALK as well as mutations in downstream signal trans-

ducers such as BRAF, all of which can be targeted by

approved drugs. However, several trials involving tyro-

sine kinase inhibitors such as crizotinib (NCT01524926)

[132], dasatinib (NCT00464620) [133] and the anti-

IGF1R monoclonal antibody R1507 [134] demon-
strated little efficacy RMS patients.

Perturbation of the PI3K pathway in RMS is also

evident by mutations in PIK3CA and loss of PTEN with

a prevalence of w5% and w1% in PAX3/7-FOXO1-

fusion negative RMS, respectively [84]. The PI3K

pathway is active in the majority of RMS [135] sug-

gesting PI3K/mTOR targeted agents may be broadly

effective. Approved drugs specifically targeting PIK3CA

such as alpelisib are promising in PIK3CA mutated

tumours, while broader PI3K/mTOR inhibitors have

shown effectiveness in mice in both FGFR4-and

PTCH1-mutant RMS models [136,137].

Defects in the DNA damage response are another

major class of genetic aberrations in RMS. TP53 mu-

tations are the most common in PAX3/7-FOXO1-fusion

negative RMS (w10e15% of patients) and the small
molecule APR-246, which can bind and cause the

refolding of mutant TP53, is a clinical candidate

currently in clinical trials in adult patients [138]. MDM2

amplification occurs inw5% of cases [84] indicating that

MDM2 antagonists may be of therapeutic value.

Adaptation of RMS cells to the transcriptional stress

induced by the activity of transcription factors such as

the fusion proteins, MYCN and MYOD1 may create
dependency on the ATR-CHK1-WEE1 axis. This is

supported by the inhibition of WEE1 that has shown

potential in a preclinical study [139].

The amplification of CDK4 occurs in w10e15% of

PAX3/7-FOXO1-fusion positive RMS [84,93] with po-

tential prognostic relevance as discussed above. The

CDK4/6 inhibitor ribociclib is being investigated in the

ESMART trial for paediatric tumours (NCT02813135).
Paradoxically, CDK4amp negative patients, that are none-

the-less dependent on CDK4, may benefit more from

these inhibitors based on in vitro and in vivo responses of

cell lines with and without CDK4 amplification [140].

Patients with MYOD1 mutant tumours are not

effectively treated by current protocols and urgently

require new tailored treatment options. These may be

based on the cooperating mutations in PI3K and RAS
pathway genes and/or targeting MYOD1L122R and its

role in tumourigenesis; however, directly targeting

mutant MYOD1 while leaving the wild-type molecule

unaffected would be very challenging.

Finally, the use of proteolysis-targeting chi-

meras (bifunctional molecules containing two ligands, one

to the target molecule to be degraded and one to the E3

ubiquitin ligase) enabling the ubiquitin-proteosome sys-
tem to degrade any desiredmolecule is gainingmomentum
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with more recent advances such as light-activated prote-

olysis-targeting chimeras allowing spatiotemporal control

of their activity to counter potential unwanted side-effects

[141]. This will increase therapeutic options for RMS and

allow targeting of traditionally undruggable proteins such

as transcription factors.

Clinical trial platforms like the ‘European Proof-of-

Concept Therapeutic Stratification Trial of Molecular
Anomalies in Relapsed or Refractory Tumours

(ESMART)’ (NCT02813135) and the North American

NCI pendant of ‘Pediatric MATCH treatment trials’

(https://childrensoncologygroup.org/index.php/

pediatricmatch) in combination with the many

sequencing efforts including SMPaeds, MAPPYACTS,

INFORM and ITHER enable the evaluation of

targeted agents based on molecular profiling data.
The molecular analyses of RMS samples from clinical

trial patients in conjunction with establishing patient-

derived viable models in centres with relevant expertise

will enable determining how representative models are

of tumours in patients, both in terms of their molecular

make-up and their responses to treatments. Such

models, with the inclusion of different cell types that

represent the tumour microenvironment, will provide
useful tools in identifying and pre-clinically testing novel

therapeutic strategies for patients at high-risk.

6. Conclusions and PERSPECTIVE

RMS is a rare cancer with pathological and clinical di-

versity. Cooperation between national and international

cooperative working groups, such as through the

INSTRuCT initiative, is advocated to secure clinical data

and samples for molecular analyses from sufficient
numbers of patients and to integrate data. This will

enable robust conclusions to be made for defining clini-

cally useful prognostic and predictive molecular markers

as rapidly as possible. Key factors to enable a cooperative

approach are the collection of comparable pathological

and clinical data and standardisation in the collection

times, processing and analyses of samples. This includes

use of fresh and snap frozen tumour samples to generate
high quality RNAseq data where possible in addition to

the use of formalin fixed paraffin embedded material.

Encouraging adolescents and young adults, as well as

adults, with RMS to register on trials alongside paedi-

atric patients will lead to understanding biological simi-

larities and differences that may be relevant to treatment

and management. Based on evidence cited in this review,

we propose the following shorter and longer-term prior-
ities for the molecular analyses of samples from patients

with RMS enrolled on clinical trials.

6.1. DNA and RNA analyses of RMS tumour samples

Whilst PAX3-FOXO1 status is accepted as poor prog-

nostic indicator, it is grouped together with PAX7-
FOXO1 in current protocols for risk stratification.

However, the prognosis of patients with PAX7-FOXO1

tumours has been indicated better than those with

PAX3-FOXO1, although not in all studies and the

numbers of cases reported in each study is small.

Therefore, prospective assessment in a multivariate

approach is crucial in addition to assessing the impact of

using fusion gene status for risk stratification in current
trials. Although challenging to draw firm conclusions,

data for rarer fusions involving PAX or FOXO1 genes

should be accrued for future assessment. This includes

the evaluation of recurrent NCOA2 or VGLL2 gene

fusions found in patients with MYOD1 mutant-negative

spindle cell RMS where published observations are not

sufficiently clear to inform decisions for patients.

We also propose DNA sequencing to include high
priority genes (including but not limited to MYOD1,

TP53, CDKN2A, CDK4 and MYCN ). The poor sur-

vival rates associated with MYOD1 L122R mutations,

which is not limited to the spindle/sclerosing pathology,

is either being used or considered for escalating treat-

ment intensity. Ultimately, new treatments options need

to be identified for patients with MYOD1 mutations,

and other genetic aberrations that are validated as high-
risk, where current treatments fail. Extending DNA

sequencing to larger panels of genes, exome or whole-

genome wherever possible is highly desirable to enable

the validation and identification of prognostic aberra-

tions, including potential cooperating events.

Similarly, the RNA sequencing of tumour samples at

baseline will also allow the further evaluation of the

prognostic value of sequence variants in RMS-relevant
genes and the definition of variant and new gene fusions.

Furthermore, RNA-sequencing, or analyses of specific

expressed prognostic gene signatures (5-gene RMS

signature and CINSARC), will enable the further evalu-

ation of these previously defined gene signatures and the

potential to identify and assess new prognostic gene

expression signatures. RNA sequencing, including single

cells, of RMS samples at relapse together with upfront
samples in the context of clinical trials, will facilitate un-

derstanding the molecular biology of RMS tumour pro-

gression, increasing age-related poorer outcomes and the

development of new treatment strategies.

6.2. Germline assessment

A clinical diagnosis of Li Fraumeni syndrome or

neurofibromatosis type 1 should be considered, espe-

cially in younger patients diagnosed with RMS that are

PAX3/7-FOXO1-negative. Tumour and germline ge-

netic assessment should ideally be conducted in parallel.

We also encourage contributing to explorative studies to
identify new RMS predisposition genes, including

possible germline genes that may predispose to fusion

gene formation. Correlating P/LP germline variant data

with tumour characteristics and disease course may

https://childrensoncologygroup.org/index.php/pediatricmatch
https://childrensoncologygroup.org/index.php/pediatricmatch
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inform treatment and intensity options that minimise

toxicities and risk of secondary malignancies.

6.3. Liquid biopsies

Liquid biopsies hold enormous potential for detecting
clinically-relevant molecular aberrations for diagnosis/

prognosis, assessing response to treatments over time

and early detection and characterization of relapses.

Sampling is less invasive than tissue biopsies, which

makes collecting material over a time-course possible.

Evaluating the timing of collection of samples and

proper assay and data analyses needed to perform to

bring most benefit to patients with RMS is a priority to
determine in the context of RMS clinical trials.

Quantitative measures of response to therapy in liquid

biopsies using tumour-specific molecular markers may

ultimately supplement predicting responses to treatment

and potentially replace the need to take biopsies. Proof-

of-principle studies should be a priority to assessPAX3/7-

FOXO1 and tumour-specific mutations based on previ-

ous feasibility studies. Quantitative tracking of ctDNA
presence/absence and correlation with event-free survival

and radiological/metabolic measures of response in pa-

tients hold promise. More extensive analyses of ctDNA,

using panel sequencing or whole-genome or -exome

sequencing, has potential to capture emerging genetic

alterations that may be clinically-relevant by identifying

new treatment options at relapse. In addition, the value of

assessing ctDNA-specific methylation patterns is antici-
pated to enhance sensitivity. Sample collections will

enable exploring the value of assessing nucleic acids and

proteins in CTCs and exosomes which, in contrast to

ctDNA, represent a viable component of tumours.

Robust collection protocols for plasma/buffy coat and

potentially other liquid biopsies, with harmonisation of

collection of time points across cooperative group studies

will accelerate progress.

6.4. Patient-derived models

Where laboratories have the necessary expertise and

resources, in vitro and in vivo models of biologically

distinct subtypes of RMS at diagnosis and relapse will
be derived that can support efforts in the research

community to further develop new treatments. The

molecular characterisation of models and comparison

with data from samples from which they were derived as

well as co-clinical testing of responses to treatment in

patients and their parallel models will indicate the

representativeness of newly derived models. Studies

including such models will identify new treatment stra-
tegies, establish molecular characteristics that are pre-

dictive of response, validate biomarkers to reflect target

engagement and determine molecular mechanisms of

resistance and possible ways to overcome this.
6.5. Data integration

The integration of clinical, imaging and pathological
characteristics of disease with molecular markers will be

useful for patient care and important for current and

future research. Molecular data such as the presence or

absence of gene fusions, sequence variants in genes or

gene expression signatures and quantitative measures of

response to treatment, as evidenced by changes in

ctDNA markers and imaging features will be essential to

generate and compile. Better ways to assess the risk of
failure may emerge from multivariate analyses of new

risk stratification algorithms incorporating molecular

and clinical features. The INSTRuCT rhabdomyosar-

coma data commons, part of the Pediatric Cancer Data

Commons at University of Chicago (http://commons.

cri.uchicago.edu), houses harmonised clinical data

from completed clinical trials and includes information

on almost 5000 children. Additional data from studies
is being added, from both children and young adults.

Where possible, data are being linked to other sources

of information, such as genomic data and biospecimen

availability. This growing set of rich data has the

potential to be harnessed for the development of better

risk stratification using machine learning and other

quantitative methods along with prospectively

collected data.
Together, this approach will create collections of

molecularly characterised samples and models with

corresponding pathological, clinical and imaging data

that will support ongoing and future research and

translational efforts within and across cooperative

groups that aim to improve the outcomes of young

patients with RMS.
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