
Received: 9 September 2016 Revised: 21October 2016 Accepted: 3 November 2016

DOI: 10.1002/pbc.26386

Pediatric
Blood &
Cancer The American Society of

Pediatric Hematology/Oncology

R E S E A RCH ART I C L E

Impact of fusion gene status versus histology
on risk-stratification for rhabdomyosarcoma: Retrospective
analyses of patients on UK trials

Joanna Selfe1 David Olmos1,2 ReemAl-Saadi1 Khin Thway1,3 Julia Chisholm4

Anna Kelsey5 Janet Shipley1

1SarcomaMolecular Pathology Team,Division of

Molecular Pathology andCancer Therapeutics,

The Institute of Cancer Research, London, UK

2SpanishNational Cancer ResearchCentre,

Madrid, Spain

3SarcomaUnit, RoyalMarsdenNHSFoundation

Trust, London, UK

4Children andYoungPeople’s Unit, RoyalMars-

denNHSFoundation Trust, London, UK

5Department of PaediatricHistopathology,

RoyalManchester Children’sHospital,Manch-

ester, UK

Correspondence

Janet Shipley, SarcomaMolecularPathology

Team,DivisionsofMolecularPathologyand

CancerTherapeutics, The InstituteofCancer

Research, 15CotswoldRoad, Sutton, SurreySM2

5NG, London,UK.

Email: janet.shipley@icr.ac.uk

JoannaSelfe andDavidOlmos contributed

equally to thiswork.

Grant sponsor:CancerResearchUK;Grant

number:C5066/A1099;Grant sponsor:Chris

LucasTrust;Grant sponsor:NHS.

Abstract
Background: Long-term toxicities from current treatments are a major issue in paediatric cancer.

Previous studies, including our own, have shown prognostic value for the presence of PAX3/7-

FOXO1 fusion genes in rhabdomyosarcoma (RMS). It is proposed to introduce PAX3/7-FOXO1 pos-

itivity as a component of risk stratification, rather than alveolar histology, in future clinical trials.

Procedure:Toassess the potential impact of this reclassification,wehavedetermined the changes

to risk category assignment of 210 histologically reviewed patients treated in the UK from previ-

ousmalignantmesenchymal tumour clinical trials for non-metastatic RMS based on identification

of PAX3/7-FOXO1 by fluorescence in situ hybridisation and/or reverse transcription PCR.

Results:Using fusiongenepositivity in the current risk stratificationwould reassign7%ofpatients

to different European Paediatric Soft Tissue Sarcoma Study Group (EpSSG) risk groups. The next

European trial would have 80% power to detect differences in event-free survival of 15% over

10 years and 20% over 5 years in reassigned patients. This would decrease treatment for over a

quarter of patients with alveolar histology tumours that lack PAX3/7-FOXO1.

Conclusions:Fusion gene status used in stratificationmay result in significant numbers of patients

benefitting from lower treatment-associated toxicity. Prospective testing to show this reassign-

ment maintains current survival rates is now required and is shown to be feasible based on esti-

mated recruitment to a future EpSSG trial. Together with developing novel therapeutic strategies

for patients identified as higher risk, this may ultimately improve the outcome and quality of life

for patients with RMS.
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1 INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma

in children, with ∼450 children and adolescents newly diagnosed

each year in Europe (countries that report data to the Automated

ChildhoodCancer Information System [accis.iarc.fr/index.php]1,2). The

Abbreviations: ARMS, alveolar RMS; BAC, bacterial artificial chromosome; cDNA,

complementary DNA; DIG, digoxygenin; EFS, event-free survival; EpSSG, European Paediatric

Soft Tissue Sarcoma Study Group; ERMS, embryonal RMS; FFPE, formalin-fixed paraffin

embedded; HR, hazard ratio; MMT, malignant mesenchymal tumour; OS, overall survival;

RMS, rhabdomyosarcoma; RT-PCR, reverse transcription PCR; TMA, tissuemicroarray

substantial improvement in survival rate for RMS patients that

occurred from 1960 to 1996 with the advent of chemotherapeutic

agents has largely stagnated with an estimated 5-year survival rate

of 72%.3,4 The reality remains that while the majority of children suf-

fering from cancer will survive to adulthood, more than 80% of these

will develop a serious or life-threatening chronic health condition by

the age of 45 as a result of their curative treatment.5 Accurate risk

determination in RMS patients is a priority to enable safe reduction of

treatment intensity for those at lower risk and identify those at highest

risk of succumbing to their disease who could benefit from treatment

intensification and/or novel therapeutic strategies.
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Current clinical trials for RMS in Europe and the United States

use histological subtype alongside other clinical parameters including

age at diagnosis, site and size of primary tumour, extent of residual

disease after surgery, node involvement, and metastases to allocate

patients to a risk group,whichwill determine treatment intensity.6 Two

main histological subtypes are recognised, embryonal RMS (ERMS)

that typically has a better prognosis than the alveolar RMS (ARMS),

“unfavourable histology” subtype. The majority (70–80%) of ARMS

cases have translocations resulting in fusion of the PAX3 or PAX7 gene

with FOXO1.7,8 The resultant fusion proteins are novel transcription

factors and considered key drivers of tumourigenesis.9

Previous studies including large-scale expression profiling have

revealed that ARMS tumours lacking characteristic fusion genes are

molecularly and clinically indistinguishable from ERMS tumours.10,11

This is consistent with several studies, including a recent prospective

assessment, that show a prognostic value for the fusion genes,12–15

although some issues with the representativeness of sample cohorts

are also reported.16,17 Based on the consensus view from these stud-

ies that fusion gene presence rather than alveolar histology per se con-

tributes to poorer outcome, it is proposed to incorporate fusion gene

status, rather than histology, into risk stratification of RMS. In order

to address the impact of such a change in non-metastatic patients,

we used the current European Paediatric Soft Tissue Sarcoma Study

Group (EpSSG) RMS2005 trial framework for risk stratification and

applied this to a large cohort of well-annotated RMS cases enrolled in

the series of malignant mesenchymal tumour (MMT) trials, which we

subjected to histopathological re-review. The treatment and outcome

for patients in these trials were similar 18,19 and therefore were con-

sidered suitable for analysis as a single cohort.

Here,we report the impact of adopting fusion gene status in placeof

histology as part of RMS risk stratification. This has allowed us to esti-

mate the proportion of patients that would change risk group and the

power of future clinical trials to assess any adverse changes in patient

outcome.

2 MATERIALS AND METHODS

2.1 Pathology and tissuemicroarray construction

Formalin-fixed paraffin-embedded (FFPE) samples from UK

patients enrolled on the MMT89, MMT95 and MMT98 trials

from the International Society of Paediatric Oncology were col-

lected from multiple UK centres (Local Research Ethics Com-

mittee protocol 1836 and Multi-Regional Research Ethics Com-

mittee/98/4/023). Our cohort was subjected to histological

re-review (A.K.) to apply current histological classification criteria.20

Cases with mixed histologies but containing true alveolar histology

(classical and solid variant patterns) were considered to be ARMS.

Clinical parameters were accessed from trial databases (www.

birmingham.ac.uk/research/activity/mds/trials/crctu/children/index.

aspx). These and updated histological subtypes of samples from

cases non-metastatic at diagnosis (stage I-III) are summarised in

Table 1, and were representative of other RMS cohorts.12 A smaller

TABLE 1 Clinical characteristics of the non-metastatic cohort

Histology ERMS 157

ARMS 53

Median age at diagnosis (years) 4.5

Age at diagnosis <10 173

≥10 37

IRS group 1 28

2 40

3 142

Size of primary tumour ≤5 cm 90

>5 cm 115

Unknown 5

Site of primary tumour Favourable 83

Unfavourable 127

Median follow up time (years) 8.1

Patient survival Alive 151

Dead 59

Total number of patients 210

cohort of metastatic cases (summarised in Supplementary Table S1)

was used separately for additional analyses.Moreover, outcomes from

MMT89 and MMT95 cases used in this study were representative of

their respective trials (MMT89; overall survival [OS] 74.4%, event-free

survival [EFS] 62.6%, MMT95; OS 74.3%, EFS 64% at 5 years 18,19;

outcome data shown refer to the cohort used in this study). The

histopathologic diagnoses of the cases studied are also considered

largely representative of the cases on the MMT89, MMT95 and

MMT98 trials.

Haematoxylin and eosin stained slides were marked for regions of

tumour and a tissue microarray (TMA) constructed containing 1,863

cores representing RMS tumour from 329 patients. This involved tak-

ing 0.6 mm cores from tumour-containing regions of donor blocks and

insertion into a recipient array block. There was an average of six

cores per sample (range 1–24). RMS cell lines negative and positive for

each fusion gene (RD [negative],21 RH30 [PAX3-FOXO1],22 RMZ-RC2

[PAX7-FOXO1]23) were formalin fixed, paraffin embedded and cores

inserted into each array block to act as controls. Sources and culturing

conditions for cell lines have been previously described.24

2.2 Fusion gene status assessment by FISH

FISH was performed on the TMA slides to determine whether sam-

ples carried a PAX3-FOXO1 or PAX7-FOXO1 fusion gene or neither.

Bacterial artificial chromosome (BAC) DNA probes were identified

that hybridise to the 5’ end of PAX3 and PAX7 and to the 3′ end of

FOXO1. BAC DNA was amplified and subsequently purified using the

Genomiphi Kit (GE Healthcare, Buckinghamshire, UK) according to

manufacturer’s instructions. BACs used for PAX3 were RP11-81I8,

RP11-16P6 and RP11-612G6 (labelled with digoxygenin [DIG; Roche,

Basel, Switzerland] by random priming and indirectly detected using

fluorescein isothiocyanate conjugated anti-DIG antibodies [Thermo
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Fisher Scientific, Waltham, MA]). BACs used for PAX7 were RP11-

468NG, CTD-2009F7 and RP11-121A23 (directly labelled using

FISHBright R© Aqua and the FISHBright R© Nucleic Acid Labelling Kit

[Leica Microsystems, Wetzlar, Germany]) and BACs used for FOXO1

were RP11-452K11, RP11-805F18 and RP11-350A18 (labelled

with biotin by random priming and indirectly detected using Cy3-

conjugated streptavidin [Thermo Fisher Scientific]). All labelled BACs

were individually hybridised to normal metaphase chromosomes to

ensure their correct chromosomal location. FISH was carried out on

TMA sections as previously described.25 Slides were scanned using

an Ariol slide scanner (SL-50) (Leica Microsystems) and each core was

independently scored for fused red/green and red/aqua signals in a

minimum of 50 non-overlapping tumour nuclei by two independent

observers. Fused signals, less than a signal width apart, were required

to be present in at least 10% of scorable nuclei for a core to be

considered fusion gene positive.

2.3 Fusion gene status assessment by reverse

transcription PCR

In addition to preparing TMAs, we also cut 10 𝜇m FFPE sections for a

subset of samples where sufficient material was available. These were

assessed for fusion gene status by reverse transcription (RT) PCR. RT-

PCR results were used to confirm FISH results or provide a result

in the event that FISH hybridisation for a patient was not success-

ful. RNA was extracted from the FFPE rolls using the RecoverAll Total

Nucleic Acid Isolation Kit for FFPE (Thermo Fisher Scientific) accord-

ing tomanufacturer’s instructions. RTwas subsequently carried out on

up to 1 𝜇g of total RNA using the High Capacity Reverse Transcription

Kit (Thermo Fisher Scientific). Complementary DNA (cDNA) was then

amplified in triplicate by real-time quantitative RT-PCR using Taqman

(Thermo Fisher Scientific) reagents for PAX3-FOXO1, PAX7-FOXO1 and

Beta-2-microglobulin (B2M) expression, the latter acting as a reference

gene. The primer sequences used in these assays have been previously

described.26 Each assay was performed separately and cDNAs from

control cell lines (as indicated above) (no fusion gene, PAX3-FOXO- and

PAX7-FOXO1-positive) were included in each run. Samples were des-

ignated fusion gene positive if amplification occurred for the relevant

assay, whereas samples were only designated fusion gene negative if

no amplification was seen for either fusion gene assay, and the signal

from the B2M assay was not reached in less than or equal to 30 cycles.

Survival analysis was evaluated using the Mantel–Cox log rank test,

Mantel–Haenszel hazard ratio (HR) and Kaplan–Meier plots.

3 RESULTS

3.1 Ascertainment of fusion gene status in TMA

cohort

Using FISH and/or RT-PCR analysis, fusion gene status was success-

fully determined in 210 patients with non-metastatic disease and a

smaller cohort of 50 patients with metastasis that were treated on

MMT clinical trials and had full clinical follow-up data. One hundred

TABLE 2 Fusion gene status of the non-metastatic patient cohort,
grouped by histology

ERMS ARMS Total

Negative 156 20 176

PAX3-FOXO1 1 27 28

PAX7-FOXO1 0 6 6

Total 157 53 210

fifty-five samples were assigned using FISH results only, 17 using PCR

results only and 88 were assigned using both methods with complete

concordance. The results are included in Table 2. We identified one

patient described as having embryonal histology yet was found to har-

bour a PAX3-FOXO1 fusion gene (0.64% of all ERMS patients). Twenty

patients with ARMS histology were found to be fusion gene negative

(37.7% of all ARMS patients), five of which had mixed histology with

only areas of true alveolar histology.20

3.2 Comparison between risks determined using

histology ormolecular fusion gene status

Within the non-metastatic setting, Kaplan–Meier analysis demon-

strated that there was no significant difference in OS or EFS between

patients with ERMS and fusion-negative ARMS in contrast to the

fusion-positive cases that showed a significantly poorer OS outcome

than fusion-negative cases (log rank test, 𝜒2 value 21.9, P < 0.0001,

HR 6.047 [95% CI 2.845–2.85]; Fig. 1). This is consistent with previ-

ous studies, including our own.11,12 TheKaplan–Meier plots for fusion-

positive cases divided into PAX3-FOXO1 and PAX7-FOXO1 (Supple-

mentary Fig. S1) show no significant difference in survival between

PAX7-FOXO1 cases and any other subgroup, although the numbers are

low. In the metastatic cohort, the outcome of patients with fusion-

negative alveolar disease appeared to be as poor as fusion-positive

cases (Supplementary Fig. S2a), although there is no statistical signifi-

cance between ERMS and fusion-negative ARMS groups, but the num-

bers of thesemetastatic cases are very low.We also assessed outcome

of our non-metastatic cohort according to the current non-metastatic

EpSSG risk groups (Supplementary Table S2, treatment protocol asso-

ciated with risk groups is outlined in Supplementary Table S3) and

showed that the survival rates for each risk group were as expected

(Supplementary Fig. S2b).

In order to assess the impact of using fusion status rather than

histology on patient risk stratification, we stratified all patients

using (i) histopathology, according to the EpSSG 2005 trial regimen

using the re-reviewed histology (ERMS as favourable and ARMS as

unfavourable) and (ii) fusion status in place of histopathology (fusion

negative as favourable and fusion positive as unfavourable). The risk

group of each patient from each analysis was then compared. Using

fusion gene status, 14 patientswith fusion genenegativeARMS (26.4%

of all patients with ARMS and 70% of fusion-negative ARMS patients)

changed risk group (five moved from very high to high, eight moved

from high to standard, and one moved from high to low). A sum-

mary of these changes using fusion gene status is shown in for risk

groups in Table 3 and for subgroups in Supplementary Table S4. Note in
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F IGURE 1 Overall survival (A) and event-free survival (B) in non-metastatic RMSpatients grouped into ERMS fusion-negative (ERMSFN), ARMS
fusion-negative (ARMS FN) and fusion positive patients (FP)

TABLE 3 Summary of changes in EpSSG risk group between histological andmolecular categorisation of pathology

Risk group Subgroups Histology risk group Molecular risk group Percentage change

Low A 9 10 +11.1

Standard B, C, D 70 78 +11.4

High E, F, G 117 113 −3.4

Very high H 14 9 −35.7

Supplementary Table S4, although six patients changed risk subgroup

fromG to E, there was no change in overall risk group (high) and there-

fore no change in treatment strategy for those particular patients.

These changes would result in reducing treatment intensity for 14 of

20 fusion-negative ARMS.

It is vital to assess the patients receiving less intense treatment as a

result of the change in stratification in forthcoming trials to ensure that

their clinical outcome is not compromised. Assuming a null hypothe-

sis that patients with fusion-negative ARMSwith downgraded risk will

have an identical EFS rate topatientswithERMSof70%,weperformed

power calculations to estimate the total patient number needed to

have 80% power to identify decreases in EFS in this group (Table 4).

Based on the previous trial, we predict that the next EpSSG trial is

expected to recruit∼125patientswith non-metastatic paediatric RMS

per year. Using the frequencies found in this study, we estimate that

the next trial will have 80% power to detect differences in EFS of 15%

over 7 years and 20% over 5 years.

4 DISCUSSION

Assessment of the molecular features of tumours is increasingly

required for accurate diagnoses, risk stratification and precision

approaches to treatment decisions for patients. Previous studies,

including our own, have shown a prognostic value for the presence

of the fusion gene in RMS and it is proposed to introduce this as a

molecularly unfavourable category, in place of alveolar histology, into

future clinical trials. Here, our assessment of 210 samples from pre-

vious clinical trials, which are representative of the trials as a whole,

shows that overall this would affect assignment of patients to spe-

cific risk subgroups, reducing treatment for over a quarter of patients

with alveolar histology and 7% of all non-metastatic RMS (it is note-

worthy that the next European trial plans to intensify chemotherapy

for the high-risk and very high risk groups, which is likely to increase

treatment-associated morbidity). This has potential to reduce long-

term toxicities in these patients, which is important as such toxicities

are amajor issue in themajority of RMSpatients that are cured of their

disease.27

Changes in the histopathological criteria used to discriminate

between embyronal and alveolar histology have been updated over

time, with the introduction, in 1995, of a prognostically relevant clas-

sification system that determined even focal alveolar histology should

confer an ARMS diagnosis28 resulting in an increasing proportion of

ARMS cases. More recently, a re-examination of these criteria noted

that certain histological patterns may be mimicking ARMS,29 leading

to an artificially high rate of ARMS diagnosis. Despite our cohort being

re-reviewed using current criteria, we observed a relatively high pro-

portion of fusion-negative ARMS (37.7%). However, including patients

with metastasis in our cohort reduced this proportion to 26.9% simi-

lar to other studies and may reflect the more metastatic behaviour of

ARMS driven by the fusion protein.11,30 The range of proportions of

fusion-negative ARMS reported is underpinned by diagnostic uncer-

taintyusinghistopathological criteria in challenging cases,where infor-

mal use of the fusion gene status and other clinical parameters is guid-

ing histological diagnoses. Standardizing use of molecular criteria in

future trials is therefore highly desirable.

We identified one out of 157 patients with ERMS to be PAX3-

FOXO1 positive by both FISH andRT-PCR. Fusion-positive ERMS cases

have been reported before26 where PCR detection was used, notably

all of these cases demonstrated diffuse myogenin staining, a feature

associated with ARMS.31 This suggests that there is a rationale to

screen for fusion genes in all patients, as these patients may move

from low- to high-risk groups. Previous studies have reported that

patients with tumours harbouring a PAX7-FOXO1 gene have a superior

outcome compared to PAX3-FOXO111,12,32; however, numbers are lim-

ited and this may be stage dependent.13 We only had six patient sam-

ples with a PAX7-FOXO1 gene in our cohort and therefore could not
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TABLE 4 Estimation of the number of patients needed for 80% power to detect decreased EFS rate in fusion gene negative alveolar patients
with downgraded risk

Change in EFS rate (%) Number of downgraded patients with ARMS FN Total patient number

10 141 2,015

15 63 900

20 36 515

25 23 329

address this question adequately in this study. Rarer fusion gene vari-

ants are reported such as PAX3-NCOA1 and PAX3-NCOA233 in ARMS

and ERMS; however, the clinical significance of these is unclear.

Stratifying RMS patients according to molecular rather than

histopathological criteria will result in a proportion of fusion-negative

alveolar patients (26.4% of patients with ARMS in this study) receiving

less intense treatment, being perceived to be at lower risk. It is impor-

tant toestablish that thesepatientswill havea similarly favourableout-

come as patientswith ERMSwhen treated on the same protocol. Using

data fromour patient population, we have estimated that the expected

numberof patients recruited to thenextEpSSGtrialwill be sufficient to

detect changes in EFS of 15% over 7 years and 20% over 5 years with

80% power. Patients with ERMS have an EFS of 70% at 5 years com-

pared to fusion-positive ARMS with 36.1% at 5 years. It is anticipated

that molecular features of RMS will be increasingly incorporated into

risk stratification as there is evidence that MYOD1 mutations in scle-

rosing/spindle RMS,34–36 CDK4 amplification37 and theMG5 gene sig-

nature in fusion-negative RMS24,38 can all impact survival.

Here, we have determined the potential impact of using fusion gene

status rather than the histopathological definition of alveolar histology

as an adverse indicator in the risk stratificationofRMS that is proposed

for use in the next clinical trials. We show that a significant proportion

of patients with non-metastatic RMS (7%) will be assigned to a differ-

ent risk group and treatment protocol as a consequence of this change.

It is expected that this will result in children being spared some of the

considerable toxicities and late effects of intense therapywithout com-

promising their chance of cure, in addition to the possibility of identify-

ing fusion-positive patients presenting with ERMS or RMS-NOS (not

otherwise specified) that will benefit from being considered as high

risk.

ACKNOWLEDGMENTS

This work was supported by the Cancer Research UK (Grant No

C5066/A1099), the Chris Lucas Trust and NHS funding to the NIHR

Biomedical Research Centre at The Royal Marsden and the Institute

of Cancer Research. We thank the Children’s Cancer and Leukaemia

Group (CCLG) Tissue Bank for access to samples, and contributing

CCLG centres, including members of the ECMC paediatric network.

The CCLG Tissue Bank is funded by Cancer Research UK and CCLG.

We would also like to thank Peter Collins and Adam Hodgkinson in

Anna Kelsey’s team for all their help with the TMAs and clinical data.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

REFERENCES

1. Pastore G, Peris-Bonet R, Carli M, Martínez-García C, Sánchez de

Toledo J, Steliarova-Foucher E. Childhood soft tissue sarcomas inci-

dence and survival in European children (1978-1997): Report from the

Automated Childhood Cancer Information System project. Eur J Can-
cer. 2006;42:2136–2149.

2. International Agency for Research on Cancer. ACCIS: Automated

Childhood Cancer Information System. accis.iarc.fr/index.php.

AccessedMay 2016.

3. McDowell HP. Update on childhood rhabdomyosarcoma. Arch Dis
Child. 2003;88:354–357.

4. Hawkins DS, Gupta AA, Rudzinski ER. What is new in the biology

and treatment of pediatric rhabdomyosarcoma? Curr Opin Pediatr.
2014;26:50–56.

5. Hudson MM, Ness KK, Gurney JG, et al. Clinical ascertainment of

health outcomes among adults treated for childhood cancer. JAMA.
2013;309:2371–2381.

6. Arndt CAS. Risk stratification of rhabdomyosarcoma: Amoving target.

Am Soc Clin Oncol Educ Book. 2013:415–419.

7. Parham DM, Qualman SJ, Teot L, et al. Correlation between his-

tology and PAX/FKHR fusion status in alveolar rhabdomyosarcoma:

A report from the Children’s Oncology Group. Am J Surg Pathol.
2007;31(6):895–901.

8. Newton WA, Soule EH, Hamoudi AB, et al. Histopathology of child-

hood sarcomas, Intergroup Rhabdomyosarcoma Studies I and II: Clini-

copathologic correlation. J Clin Oncol. 1988;6:67–75.

9. FredericksWJ,Galili N,Mukhopadhyay S, et al. ThePAX3-FKHR fusion

protein created by the t(2;13) translocation in alveolar rhabdomyosar-

comas is a more potent transcriptional activator than PAX3. Mol Cell
Biol. 1995;15:1522–1535.

10. Davicioni E, AndersonMJ, Finckenstein FG, et al. Molecular classifica-

tion of rhabdomyosarcoma–genotypic and phenotypic determinants

of diagnosis: A report from theChildren’sOncologyGroup.AmJPathol.
2009;174:550–564.

11. Williamson D, Missiaglia E, de Reyniès A, et al. Fusion gene-negative

alveolar rhabdomyosarcoma is clinically andmolecularly indistinguish-

able fromembryonal rhabdomyosarcoma. J ClinOncol. 2010;28:2151–
2158.

12. Missiaglia E, Williamson D, Chisholm J, et al. PAX3/FOXO1 fusion

gene status is the key prognostic molecular marker in rhabdomyosar-

coma and significantly improves current risk stratification. J Clin Oncol.
2012;30:1670–1677.

13. Skapek SX, Anderson J, Barr FG, et al. PAX-FOXO1 fusion status

drives unfavorable outcome for children with rhabdomyosarcoma: a

children’s oncology group report. Pediatr Blood Cancer. 2013;60:1411–
1417.

14. Sorensen PHB, Lynch JC, Qualman SJ, et al. PAX3-FKHR and PAX7-

FKHR gene fusions are prognostic indicators in alveolar rhab-

domyosarcoma: A report from the children’s oncology group. J Clin
Oncol. 2002;20:2672–2679.



6 of 6 SELFE ET AL.

15. Anderson J, Gordon T,McManusA, et al. Detection of the PAX3-FKHR

fusion gene in paediatric rhabdomyosarcoma: A reproducible predic-

tor of outcome? Br J Cancer. 2001;85:831–835.

16. Rosenberg AR, Skapek SX, Hawkins DS. The inconvenience of conve-

nience cohorts: Rhabdomyosarcoma and the PAX-FOXO1 biomarker.

Cancer Epidemiol Biomarkers Prev. 2012;21:1012–1018.

17. Williamson D, Missiaglia E, Chisholm J, Shipley J. Inconvenience

of convenience cohorts—Letter. Cancer Epidemiol Biomarkers Prev.
2012;21:1388.

18. Oberlin O, Rey A, Sanchez de Toledo J, et al. Randomized comparison

of intensified six-drug versus standard three-drug chemotherapy for

high-risknonmetastatic rhabdomyosarcomaandother chemotherapy-

sensitive childhood soft tissue sarcomas: Long-term results from the

International Society of Pediatr. J Clin Oncol. 2012;30:2457–2465.

19. Stevens MCG, Rey A, Bouvet N, et al. Treatment of nonmetastatic

rhabdomyosarcoma in childhood and adolescence: Third study of the

International Society of Paediatric Oncology–SIOP Malignant Mes-

enchymal Tumor 89. J Clin Oncol. 2005;23:2618–2628.

20. Fletcher, C. D.M., Bridge, J.A., Hogendoorn, P., Mertens F.WHO classi-

fication of tumours of soft tissue.WHOClassif Tumours Soft Tissue Bone
Fourth Ed. 2013;46:10–12.

21. McAllisterRM,Melnyk J, Finkelstein JZ,AdamsEC,GardnerMB.Culti-

vation in vitro of cells derived from a human rhabdomyosarcoma. Can-
cer. 1969;24:520–526.

22. Douglass EC, Valentine M, Etcubanas E, et al. A specific chro-

mosomal abnormality in rhabdomyosarcoma. Cytogenet Cell Genet.
1987;45:148–155.

23. Nanni P, Schiaffino S, De Giovanni C, et al. RMZ: A new cell line from a

human alveolar rhabdomyosarcoma. In vitro expression of embryonic

myosin. Br J Cancer. 1986;54:1009–1014.

24. Missiaglia E, Selfe J, Hamdi M, et al. Genomic imbalances in rhab-

domyosarcoma cell lines affect expression of genes frequently altered

in primary tumors: An approach to identify candidate genes involved in

tumor development.Genes Chromosomes Cancer. 2009;48:455–467.

25. Summersgill B, Clark J, Shipley J. Fluorescence and chromogenic

in situ hybridization to detect genetic aberrations in formalin-fixed

paraffin embedded material, including tissue microarrays. Nat Protoc.
2008;3:220–234.

26. Hostein I, Andraud-Fregeville M, Guillou L, et al. Rhabdomyosarcoma:

Value of myogenin expression analysis and molecular testing in diag-

nosing the alveolar subtype: An analysis of 109 paraffin-embedded

specimens. Cancer. 2004;101:2817–2824.

27. Punyko JA, Mertens AC, Gurney JG, et al. Long-term medical effects

of childhood and adolescent rhabdomyosarcoma: A report from the

childhood cancer survivor study. Pediatr Blood Cancer. 2005;44:643–
653.

28. Newton WA, Gehan EA, Webber BL, et al. Classification of rhab-

domyosarcomas and related sarcomas. Pathologic aspects and pro-

posal for a new classification–an Intergroup Rhabdomyosarcoma

Study. Cancer. 1995;76:1073–1085.

29. Rudzinski ER, Teot LA, Anderson JR, et al. Dense pattern of embry-

onal rhabdomyosarcoma, a lesion easily confused with alveolar

rhabdomyosarcoma: A report from the Soft Tissue Sarcoma Commit-

tee of the Children’s Oncology Group. Am J Clin Pathol. 2013;140:82–
90.

30. Barr FG, Smith LM, Lynch JC, et al. Examination of gene fusion status in

archival samples of alveolar rhabdomyosarcoma entered on the Inter-

group Rhabdomyosarcoma Study-III trial: A report from theChildren’s

Oncology Group. J Mol Diagn. 2006;8:202–208.

31. Dias P, Chen B, Dilday B, et al. Strong immunostaining for myogenin in

rhabdomyosarcoma is significantly associatedwith tumors of the alve-

olar subclass. Am J Pathol. 2000;156:399–408.

32. Duan F, Smith LM, Gustafson DM, et al. Genomic and clinical analysis

of fusion gene amplification in rhabdomyosarcoma: A report from the

Children’sOncologyGroup.GenesChromosomesCancer. 2012;51:662–
674.

33. Sumegi J, Streblow R, Frayer RW, et al. Recurrent t(2;2) and t(2;8)

translocations in rhabdomyosarcoma without the canonical PAX-

FOXO1 fuse PAX3 tomembers of the nuclear receptor transcriptional

coactivator family.Genes Chromosomes Cancer. 2010;49:224–236.

34. Agaram NP, Chen C-L, Zhang L, LaQuaglia MP, Wexler L, Antonescu

CR. RecurrentMYOD1mutations in pediatric and adult sclerosing and

spindle cell rhabdomyosarcomas: Evidence for a common pathogene-

sis.Genes Chromosomes Cancer. 2014;53:779–787.

35. Kohsaka S, ShuklaN, AmeurN, et al. A recurrent neomorphicmutation

in MYOD1 defines a clinically aggressive subset of embryonal rhab-

domyosarcoma associated with PI3K-AKT pathway mutations. Nat
Genet. 2014;46:595–600.

36. Alaggio R, Zhang L, Sung Y-S, et al. A molecular study of pediatric

spindle and sclerosing rhabdomyosarcoma: Identification of novel and

recurrent VGLL2-related fusions in infantile cases. Am J Surg Pathol.
2016;40:224–235.

37. Barr FG, Duan F, Smith LM, et al. Genomic and clinical analyses of

2p24 and 12q13-q14 amplification in alveolar rhabdomyosarcoma: A

report from the Children’s Oncology Group. Genes Chromosomes Can-
cer. 2009;48:661–672.

38. Hingorani P, Missiaglia E, Shipley J, et al. Clinical application of

prognostic gene expression signature in fusion gene-negative rhab-

domyosarcoma: A report from the Children’s Oncology Group. Clin
Cancer Res. 2015;21:4733–4739.

SUPPORTING INFORMATION

Additional Supporting Informationmay be found online in the support-

ing information tab for this article.

How to cite this article: Selfe J, Olmos D, Al-Saadi R, Thway K,

ChisholmJ,KelseyA, Shipley J. Impact of fusion gene status ver-

sus histology on risk-stratification for rhabdomyosarcoma: Ret-

rospective analyses of patients on UK trials. Pediatr Blood Can-

cer. 2017;64:e26386. DOI: 10.1111/pbc.26386

https://doi.org/10.1111/pbc.26386

