
Defining an embryonal
rhabdomyosarcoma endotype
Cora A. Ricker,1 Kenneth Crawford,1 Kevin Matlock,2 Melvin Lathara,2

Bernard Seguin,3 Erin R. Rudzinski,4 Noah E. Berlow,1 and Charles Keller1

1Children’s Cancer Therapy Development Institute, Beaverton, Oregon 97005, USA; 2Omics Data
Automation, Beaverton, Oregon 97221, USA; 3Flint Animal Cancer Center, Colorado State University,
Fort Collins, Colorado 80525, USA; 4Seattle Children’s Hospital, Seattle, Washington 98105, USA

Abstract Rhabdomyosarcoma (RMS) is the most common childhood soft-tissue sarcoma.
The largest subtype of RMS is embryonal rhabdomyosarcoma (ERMS) and accounts for
53%of all RMS. ERMS typically occurs in the head and neck region, bladder, or reproductive
organs and portends a promising prognosis when localized; however, when metastatic the
5-yr overall survival rate is ∼43%. The genomic landscape of ERMS demonstrates a range of
putative driver mutations, and thus the recognition of the pathological mechanisms driving
tumormaintenance should be critical for identifying effective targeted treatments at the lev-
el of the individual patients. Here, we report genomic, phenotypic, and bioinformatic anal-
yses for a case of a 3-yr-oldmale who presented with bladder ERMS. Additionally, we use an
unsupervised agglomerative clustering analysis of RNA and whole-exome sequencing data
across ERMS and undifferentiated pleomorphic sarcoma (UPS) tumor samples to determine
several major endotypes inferring potential targeted treatments for a spectrum of pediatric
ERMS patient cases.

[Supplemental material is available for this article.]

INTRODUCTION

Rhabdomyosarcoma (RMS) is a highly malignant tumor of mesenchymal origin that accounts
for ∼5%–8% of all childhood soft-tissue sarcomas. RMS is most common in children under
the age of 10 with male to female predominance ratio of 1.5:1 (Ruymann and Grovas
2000). RMS is divided into two major subtypes: alveolar (ARMS) and embryonal (ERMS).
The molecular characteristics of ARMS and ERMS vary greatly. ARMS is defined by either
the t(2;13) or t(1;13) chromosomal translocation, resulting in a fusion gene of PAX3:
FOXO1 or PAX7:FOXO1 and a limited number of secondary genomic alterations. Further,
diagnostic criteria from the International Classification of Rhabdomyosarcoma (ICR) classifies
FOXO1 fusion-negative RMSwith only focal alveolar histology to be FOXO1 fusion-negative
ARMS (Barr et al. 2006). In contrast, ERMS has several implied causative mutations with p53
loss (Taylor et al. 2000; Pérot et al. 2010), RAS pathway activation (Stratton et al. 1989), and
MYOD1mutation (Kohsaka et al. 2014) being among the frequent molecular features of this
disease. The MYOD1 mutation and VGLL2 gene fusions define an aggressive and rare sub-
type with distinct morphological features apart from ERMS called sclerosing and spindle cell
rhabdomyosarcoma (Mentzel and Katenkamp 2000; Mentzel and Kuhnen 2006; Mentzel
2010; Agaramet al. 2019). Botryoid RMS, on the other hand, with amorphologic appearance
resembling grapes (“botryoid”), is considered to be a subtype of ERMS by the fourth edition
of the World Health Organization (WHO) Classification of Tumors of Soft Tissue and Bone.
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One report suggests that the RAS pathway alone may be mutationally activated in ∼45% of
ERMS tumors (Shern et al. 2014), but this observation is yet to be borne out with clinical re-
sponses to MEK inhibitors. Because of the complex and crowded genetic landscape, one
might surmise that ERMS has several subtypes and intragenic (nonexonic) or epigenetic
features.

Clinical features of ERMS and ARMS also differ. ERMS has a more favorable prognosis,
whereas ARMS has a higher rate of metastasis and experiences a poorer outcome
(Rudzinski et al. 2017). The 5-yr event-free survival (EFS) for ERMS is 43%, whereas the 5-yr
EFS for PAX3:FOXO1, PAX7:FOXO1, unknown fusion status, and fusion-negative ARMS
are 8%, 17%, 17%, and 29%, respectively (Rudzinski et al. 2017). This outcome has not
seen improvement over several decades (Breneman et al. 2003; Williams et al. 2004; Davis
and Keller 2012; Malempati and Hawkins 2012; Rudzinski et al. 2017). Moreover, intensified
treatments historically carry a 3%–4% treatment-relatedmortality rate (Crist et al. 2001). Thus,
new treatment options that provide long-term survival benefits are needed.

To define these ERMS endotypes (subgroups of disease originating from distinct patho-
biological mechanisms), we have used a hierarchical agglomerative clustering approach to
organize a wide range of ERMS samples. To cover the full breadth of ERMS, we have aggre-
gated RNA and DNA sequencing data from genetically engineered mouse models
(GEMMs), patient-derived xenografts (PDXs), canine soft-tissue sarcoma biopsies, patient
surgical biopsies, patient surgical autopsies, and cell lines. Using these surrogates, we
sought to match targeted treatments to each endotype.

Here, we present a case report of a 3-yr-old male with the botryoid type of ERMS arising
in the urinary bladder. Using whole-exome sequencing we have identified notable variants,
including the ERMS-associated genes BUB1B, DICER1, and FGFR1.

RESULTS

Clinical Presentation
A 19-mo-old boy presentedwith blood spots in his diaper. The spots were later uncovered to
be hematuria. The patient underwent two ultrasounds as the first ultrasound was inconclu-
sive. The second ultrasound, 2 weeks later, demonstrated a large mass thought to be malig-
nant. Magnetic resonance imaging (MRI) was performed, showing a 3 cm×2 cm×2 cmmass
arising from the posterior bladder base (Fig. 1).

At week 4, a cystoscopy and urinary bladder biopsy confirmed the patient’s diagnosis to
be ERMS. Operative findings included a circumferential bladder neck and prostate exten-
sion. Tumor cells were found to be diffusely immunoreactive for desmin (cytoplasmic), and
a subset of tumor cells were positive for myogenin (nuclear) (Fig. 2).

Thereafter, the patient underwent resection of the bladder, prostate, and urethra. A cys-
toprostatectomy revealed focal tumor invasion into the bladder muscularis. The tumor arose
within the urinary bladder and extended by suburothelial spread into the prostatic and penile
urethra and into the left ureteral orifice. The tumor was present 0.1 cm from the anterior blad-
der soft-tissue margin and 0.6 cm from the posterior bladder soft-tissue margin. Distal ure-
thral margin, bilateral ureteral margins, and seminal vesicles were negative for tumor. The
patient’s final diagnosis following surgery was stage III embryonal rhabdomyosarcoma
(botryoid type) with T2b N0 M0 pathological staging.

Sections from the patient’s surgery revealed neoplastic cells present in single-file clusters
or as infiltrative single cells undermining the bladder and prostate urothelium focally invad-
ing the bladder muscularis mucosa. The neoplastic cells were small and round with hyper-
chromatic nuclei with indistinct chromatin with either scant cytoplasm in the more poorly
differentiated population or with rhabdomyoblastic features in the more well-differentiated
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Figure 2. Histology sections. Hematoxylin and eosin (H&E) staining sections from a small biopsy revealing a
small round blue cell tumor favor embryonal rhabdomyosarcoma (top) and a surgical resection revealing a
botryoid pattern (bottom). Scale bars, (top) (left) 10 µM; (middle) 100 µM; (right) 100 µM; (bottom) (left) 10
µM; (right) 100 µM.

A B
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Figure 1. MRI of the abdomen and pelvis. Amultilobulated heterogeneous T2 hyperintense and T1 isointense
intraluminal mass (red asterisk) was found arising from the posterior bladder base with the following sequenc-
es: axial T1 radial VIBEwith fat saturation +Con the pelvis (A) and sagittal radial VIBE with fat saturation (B). A T1
hypointense and T2 hyperintense lesion ventral to the anterior urethrawas foundwith the following sequences:
axial T2 with fat saturation on the pelvis (C ) and sagittal IR triggered (D).
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cells. The patient’s treatment plan was a 43-wk protocol with vincristine, actinomycin-D, and
cyclophosphamide (VAC). The patient has remained disease-free for 41 mo from the time of
diagnosis.

With respect to past medical history, the patient was born at 5 pounds 7 ounces (average
weight between 5 and 8 pounds) at 36 wk gestation. The patient had jejunal atresia on day 3
of life, requiring immediate corrective surgery. At age 3, the patient weighed 12.5 kg, was 91
cm tall, and had a head circumference of 48 cm (41, 62, and 31 percentiles, respectively).
There were no signs of growth delay before birth or after birth nor was microcephaly present
in the patient’s history. At 7 mo of age, the patient began early intervention services after
discovering right-sided weakness, a potential consequence of unrecognized neonatal
stroke. The patient has been under ongoing care for developmental delays in gross motor
function and expressive language.

Genomic Analyses
Previous Analysis

Molecular assessment of the resected tumor and peripheral blood was performed prior to
our analysis. Of note, a somatic variant of unknown significance was identified in the TP53
gene (c. 91G>A p.V31I). TP53 is a well-studied tumor-suppressor gene, whereby loss of
function of germline TP53 has been found to be associated with Li–Fraumeni cancer predis-
position (LFS). LFS can increase the risk of developing rhabdomyosarcoma in children (Diller
et al. 1995). The variant found in the patient, TP53 p.V31I, has been reported with varying
degrees of interpretation, such as benign, uncertain significance, and pathogenic, in
ClinVar with respect to LFS (Landrum et al. 2014). Additionally, somatic mutations in the
BUB1B (c.1649G>A p.R550Q) and CSF1R (c.2737dupC p.Q913Pfs∗29) genes were identi-
fied using the OncoPanel assay. The OncoPanel detects mutations in exonic DNA sequenc-
es of 300 cancer genes and 113 introns across 35 genes for rearrangement detection
(Supplemental Information; Methods). Loss of BUB1B, a critical component of the mitotic
checkpoint, has been reported to be associated with chromosomal instability in ERMS
(Shern et al. 2014). More specifically, reports of the patient’s somatic variant R550Q have
been found to cause mosaic-variegated aneuploidy (MVA) (Hanks et al. 2004), along with
mutations in CEP57 (Snape et al. 2011) or TRIP13 (Yost et al. 2017). Moreover, missense mu-
tations in BUB1B have been found in five families with MVA. Two of these five families have
children who have developed ERMS (Hanks et al. 2004). Clinical manifestations of MVA are
microcephaly, prenatal growth failure, eye anomalies, dysmorphism, and developmental de-
lays. Because of the history of at least one congenital anomaly (esophageal atresia), ERMS
diagnosis, and discovery of the somatic mutation in the BUB1B gene, the patient was simul-
taneously screened for MVA and evaluated for germline mutations in BUB1B. Furthermore,
two tests were subsequently explored: the first sequenced the patient’s peripheral blood for
deletion/duplication analysis of the BUB1B gene, and the second test examined germline
chromosomal mosaicism. The deletion/duplication analysis was negative, and there was
no evidence of aneuploidy from the mosaicism karyotype analysis. Based on these results,
the patient’s congenital anomaly and ERMS diagnosis were reported to not be a result of
germline mutations in the BUB1B gene or MVA.

Whole-Exome Sequencing Analysis

Whole-exome sequencing from fixed-formalin, paraffin-embedded (FFPE) tumor tissue and
buccal swabwas performed for the detection of somatic mutations, insertion/deletion (indel)
events, and/or copy-number alterations, as well as potential germline mutations (Table 1;
Methods). After filtering for somatic mutations bearing high or moderate impact, 6280 non-
synonymous somatic variants were identified. In addition, somatic mutations were identified
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in BUB1B, DCC, DICER1, KRAS, NF1, PAX3, PIK3AP1, PIK3C2G, PIK3CA, PIK3CB, PIK3CD,
PIK3IP1, PIK3R1, PIK3R2, PIK3R3, PIK3R5, PIK3R6, and PTEN (Table 2). After filtering further
for mutations that also showed increased copy number (log2 tumor/normal read ratio > 0.4)
and TPM>100, we identified 137 mutations of interest (Fig. 3; Supplemental Table S1), in-
cluding mutations in FGFR1.

Expression Analysis

Gene expression from the FFPE tumor tissue was quantified as TPM (transcripts per million).
To note, the sample was deemed nonoptimal after RNA extraction on account of sample
degradation and size (DV200 [23%]< 30%, RIN [1.4] < 2.0, total mass [0.0375 µg] < 0.2 µg,
concentration [1.25 ng/µL] < 70 ng/µL), which is common for FFPE-derived RNA. Several mi-
tochondrial genes were found to have the highest expression of all the genes (Supplemental
Table S2). PABPC1 (3,507 TPM), RPL26 (3,323 TPM), RAB7A (3,213 TPM), and EEF1A1
(2,291 TPM) were also among themost highly expressed genes and have been shown in pre-
vious studies to be involved in tumor proliferation (Zhu et al. 2015; Zhang et al. 2016; Xie
et al. 2019). For comparative analysis, we used the median TPM values from the population
of normal of skeletal muscle tissues (n=564) from the Genotype-Tissue Expression (GTEx)
project (GTEx Consortium 2013). We found twofold higher expression of 6520 genes com-
parative to the normal skeletal muscle cohort. Several small nuclear RNAs (snoRNAs) were
among the highest expressed genes compared to the population of skeletal muscle tissue
(Supplemental Table S3). INS-IGF2 and RN7SL751P were also highly expressed to normal
skeletal muscle tissue. PABPC1, RPL26, RAB7A, and EEF1A1 all had twofold higher
expression.

Fusion Genes

STAR-fusion was used to identify gene fusion events from RNA isolated from FFPE tumor tis-
sue (Fig. 3; Supplemental Table S4; Dobin et al. 2013). A novel interchromosomal fusion was
found between Chromosome 5 and Chromosome 3 (NIPBL-TM4SF18). Additionally, a high-
impact frameshift mutation was found in NIPBL (c.3360_3376delTGACAGAAGAAGCTCTG
p.Asp1121fs). A second novel interchromosomal fusion was found between Chromosomes
17 and 21 (BTBD1–CSTB). The other fusions detected were found to be local inversions.

Hierarchical Cluster Analysis

Because genomic analysis did not define a high-value target for therapeutic intervention,
we turned to functional studies. Because a fresh tumor sample was not provided and
thus a patient-derived cell model could not be developed for downstream experimental
analysis, we used an unsupervised clustering approach to determine a genetically similar
experimental model. To add diversity, we included canine soft-tissue sarcoma/ERMS biop-
sy samples as well. Hierarchical clustering of RNA sequencing and whole-exome sequenc-
ing from canine samples (n=14), fusion-negative GEMMs (n=8), PDX models (n=6),
patient surgical samples (n=53), and cell lines (n=25) revealed several endotypes, or

Table 1. Sequencing coverage using HiSeq 4000 (paired-end, 100-bp)

Sequencing Data output

Normal DNA exome 800×

Tumor DNA exome 100×

Tumor RNA 30 million reads
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Table 2. DICER1, BUB1B, APC, DCC, KRAS, NF1, ALK, PAX3, PIK3AP1, PIK3C2G, PIK3CA, PIK3CB, PIK3CD, PIK3IP1, PIK3R1, PIK3R2, PIK3R3,
PIK3R5, PIK3R6, and TP53 mutations

Gene Germline Somatic Variant HGVS DNA reference
HGVS protein
reference Genotype

Variant allele
fractions

DICER1 X Stop gained c.2782C>T p.Gln928∗ Het 2.7% of 187 reads

DICER1 X Missense variant c.2018C>T p.Ser673Leu Het 2.8% of 143 reads

DICER1 X Frameshift variant c.1111_1112insTAATAA
TAGAAATCAGGAT

p.Lys371fs Het 6.9% of 102 reads

BUB1B X Stop gained c.508A>T p.Lys170∗ Het 3.6% of 194 reads

BUB1B X Stop gained c.550A>T p.Lys184∗ Het 3.6% of 194 reads

BUB1B X Missense variant c.1733G>T p.Cys578Phe Het 3.7% of 107 reads

BUB1B X Missense variant c.1775G>T p.Cys592Phe Het 3.7% of 107 reads

BUB1B X X Missense variant c.1046G>A p.Arg349Gln Het 46% of 609 reads

BUB1B X X Missense variant c.1088G>A p.Arg363Gln Het 46% of 609 reads

BUB1B X X Missense variant c.1649G>A p.Arg550Gln Het 50% of 664 reads

BUB1B X X Missense variant c.1691G>A p.Arg564Gln Het 50% of 664 reads

APC X X Missense variant c.5465T>A p.Val1822Asp Het 100% of 305 reads

DCC X Frameshift variant c.1735_1736delCC p.Pro579fs Het 4.8% of 83 reads

DCC X Frameshift variant c.1867_1868delCC p.Pro623fs Het 4.8% of 83 reads

DCC X Frameshift variant c.1936_1937delCCb p.Pro646fs Het 4.8% of 83 reads

DCC X Frameshift variant c.901_902delCC p.Pro301fs Het 4.8% of 83 reads

DCC X X Missense variant c.67T>C p.Phe23Leu Het 100% of 2,079 reads

KRAS X Splice acceptor variant &
intron variant

c.-11-2A>T None Het 5.6% of 89 reads

NF1 X Missense variant c.419G>A p.Gly140Glu Het 3% of 230 reads

NF1 X Missense variant c.218G>A p.Gly73Glu Het 3% of 230 reads

NF1 X Missense variant c.299G>A p.Gly100Glu Het 3% of 230 reads

ALK X X Stop gained c.218G>A p.Trp73∗ Het 100% of 345 reads

PAX3 X Missense variant c.332C>T p.Thr111Met Het 3% of 97 reads

PIK3AP1 X Sequence feature c.1376-4555C>T None Het 11% of 36 reads

PIK3AP1 X X Missense variant c.1913A>G p.Lys638Arg Het 23% of 66 reads
(TU)

PIK3AP1 X X Missense variant c.710A>G p.Lys237Arg Het 23% of 66 reads

PIK3AP1 X X Missense variant c.1379A>G p.Lys460Arg Het 23% of 66 reads

PIK3C2G X Missense variant c.1952C>A p.Pro651Gln Het 4% of 123 reads

PIK3C2G X Missense variant c.1829C>A p.Pro610Gln Het 4% of 123 reads

PIK3C2G X X Conservative in-frame
deletion

c.385_387delCCC p.Pro129del Het 37% of 505 reads

PIK3C2G X X Missense variant c.437C>T p.Pro146Leu Het 37% of 453 reads

PIK3CA X Stop gained c.418C>T p.Arg140∗ Het 1.9% of 208 reads

PIK3CA X Structural interaction
variant

c.418C>T None Het 1.9% of 208 reads

PIK3CA X X Structural interaction
variant

c.3075C>T None Het 43% of 639 reads

PIK3CB X Missense variant c.1836C>A p.Phe612Leu Het 4.9% of 103 reads

PIK3CB X Missense variant c.432C>A p.Phe144Leu Het 4.9% of 103 reads

(Continued on next page.)
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subtypes defined by distinct pathobiological mechanisms (Fig. 4). Large clusters were
formed by samples harboring mutations in TP53, FGFR4, NRAS, HRAS, and the PAX7:
FOXO1 fusion. Cell lines also formed their own cluster with the patient’s case with 42 mu-
tated genes in common. SMS-CTR, RD, and Hs729T were found to be the closest in the
cluster with the patient. Both the patient and the cell lines were found to have mutations
in TP53, BUB1B, APC, ATRX, HRAS, ATR, CPS1, AURKA, LAG3, MUC16, AURKB, SYNE1,
PKHD1, FOS, DCC, CHD9, ALK, and CENPF. Hierarchical clustering of the top 1000 genes
with highest expression level in the patient’s tumor sample (Supplemental Fig. S1) clusters
the patient’s tumor sample away from the other samples, perhaps indicating that the genes
that are most highly expressed in the patient’s tumor have uniquely high expression levels
compared to the cohort. As surrogate cell models for the patient’s endotype, we then per-
formed chemical screens on ERMS human cell lines RD, SMS-CTR, RMS559, and a genet-
ically engineered mouse (GEM) cell culture U57810 (Fig. 5). Each of the human cell lines
clustered closely with the patient’s sample. Because none of the mouse cell lines clustered
closely with the patient’s sample, a mouse ERMS cell line was chosen that grew well in cul-
ture. Cell lines were validated through short tandem repeat (STR) profiling (Supplemental

Table 2. (Continued )

Gene Germline Somatic Variant HGVS DNA reference
HGVS protein
reference Genotype

Variant allele
fractions

PIK3CB X Missense variant c.729C>A p.Phe243Leu Het 4.9% of 103 reads

PIK3CB X Missense variant c.174C>A p.Phe58Leu Het 4.9% of 103 reads

PIK3CD X Stop gained c.2492C>A p.Ser831∗ Het 3.0% of 203 reads

PIK3CD X Stop gained c.2564C>A p.Ser855∗ Het 3.0% of 203 reads

PIK3CD X Missense variant c.2604G>A p.Met868Ile Het 3.0% of 198 reads

PIK3CD X Missense variant c.2532G>A p.Met844Ile Het 3.0% of 198 reads

PIK3CD X Missense variant c.2604G>A p.Met868Ile Het 3.0% of 198 reads

PIK3IP1 X Missense variant c.752C>G p.Thr251Ser Het

PIK3R1 X Missense variant c.218C>T p.Ser73Phe Het 2.5% of 198 reads

PIK3R1 X Missense c.512C>T p.Ser171Phe Het 2.5% of 198 reads

PIK3R1 X X Structural interaction
variant

c.219C>T None Het 53% of 618 reads

PIK3R1 X X Protein–protein contact c.1176C>T None Het 50% of 576 reads

PIK3R2 X Missense variant c.700A>C p.Ser234Arg Het 100% of 39 reads

PIK3R2 X X Missense variant c.937T>C p.Ser313Pro Het 100% of 58 reads

PIK3R3 X Missense variant c.743G>A p.Gly248Glu Het 4.1% of 147 reads

PIK3R3 X Missense variant c.121_122delCCinsTT p.Pro41Leu Het 3.3% of 120 reads

PIK3R3 X X Missense variant c.1031A>G p.Asn344Ser Het 50% of 125 reads

PIK3R3 X X Missense variant c.854A>G p.Asn285Ser Het 50% of 125 reads

PIK3R3 X X Missense variant c.849T>A p.Asn283Lys Het 54% of 107 reads

PIK3R5 X Frameshift variant c.222_225delCTAC p.Tyr75fs Het 5.0% of 59 reads

PIK3C2G X X Conservative in-frame
deletion

c.385_387delCCC p.Pro129del Het

PIK3R5 X Missense variant c.221C>G p.Thr74Ser Het 5.3% of 57 reads

PIK3R6 X X Missense c.1870G>A p.Asp624Asn Het 35% of 201 reads

PIK3R6 X X Missense c.785C>T p.Ala262Val Het 43% of 92 reads

TP53 X X Missense variant c.91G>A p.Val31Ile Het 47% of 574 reads
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Table S5). Cell cultures were treated with BYL-719 (PI3Kα inhibitor), GSK1059615 (PI3K α/β/
δ/γ and mTOR inhibitor), TC-KHNS11 (PI3K δ inhibitor), BEZ-235 (PI3K α/β/δ/γ and mTOR
inhibitor), CUDC-907 (PI3Kα and HDAC 1/2/3/10 inhibitor), entinostat (HDAC 1/3), and
BKM-120 (PI3K α/β/δ/γ inhibitor). The cell cultures were most sensitive to the dual HDAC
and PI3Kα inhibitor CUDC-907 (IC50 range 2 to 123 nM) and the dual PI3K and mTOR in-
hibitor BEZ-235 (IC50 range 6 to 616 nM). Both of these drugs have been evaluated clinical-
ly and were found to have unusual pharmacokinetics, complicating comparison of the

Figure 3. Circos plot. Circos plots were generated using tumor DNA exome, normal DNA exome, and tumor
RNA sequencing data. Exome datawas analyzed for somatic point mutation, indel, and copy-number variation
data, as denoted by the inner andmiddle rings, respectively. Gene expression from RNA sequencing data was
plotted on the outer ring.
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PAX7:FOXO1
Genome−seq
RNA−seq
Exome−seq
Atypical
Mixed ARMS/ERMS
RMS NOS
ARMS
ERMS
USCS
PLEOMORPHIC
CRS
UPS
Human Age 0−1
Human Age 1−9
Human Age 10−21
Human Age 21+
Female
Male
Vulva
Uterus
Trunk
Thigh
Testis Paratestis
Testis
Soft tissue right Hip
Soft Tissue Perineum
Right Thigh
Right flank
Right Calf
retroperitoneal pelvis
Renal
Pterygopalatine
Perineal
Pelvis/Perineal
Pelvis/Labia
Pelvis/Buttock
Pelvis, site indeterminate
Pelvis
Paratesticular
Paraspinal
Paranasal Sinus
Oropharynx
Orbit
Omentum
Nasopharynx
Mediastinum
Mandible
Lower Limb
left thigh
Left Testis
Left Scapula
Left Orbital
Left Chest, Diaphram
Infratemporal fossa
Head and Neck
Hand
Forearm
Extremity
Distal Femur
Cheek
Cervical lymph node
Cerebrum
Bladder
Abdominal/Wall
Abdomen/Trunk
Abdomen/Diaphram
Abdomen
Middle ear

IGF2
CDKN2B
CD22
GATA3
CTLA4
FGF6
MUC16
FGF14
DCC
LRP1B
PKHD1
FGF23
SHH
CPS1
NTRK1
ALK
IRS2
FGFR3
KDR
MAP3K8
KIT
PTCH2
FGFR4
MYOD1
HMGA2
MDM2
MYC
HRAS
SMARCB1
SDHA
MCL1
BAP1
RAF1
TP53
ERBB2
DNMT3A
NOTCH3
TAZ
TSC2
CIC
SMO
CD276
RARA
NF2
CRKL
PTPN11
MAPK1
NRAS
TBL1XR1
YAP1
EED
MSH2
MTOR
TMEM127
CREBBP
SETD2
BRD4
NOTCH2
CCND2
CCNE1
AURKB
CENPF
ERBB3
VGLL2
MET
BCL11A
CACNA1H
CDK6
FRS2
EGFR
BCOR
BCL7A
PASK
MDM4
PMS1
SOS1
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observed IC50 values to clinically achievable Cmax values (Bendell et al. 2015; Oki et al.
2017). For CUDC-907, the compound is readily metabolized and the metabolites have re-
duced PI3K activity and no HDAC activity (Oki et al. 2017). On the other hand, BEZ-235 has
a reported Cmax of 1.4 µM (range 494 nM to 5.7 µM [Bendell et al. 2015]).

Because somatic mutations were found in the PI3K pathway, and we found sensitivity of
cell models to the PI3K inhibitors, we explored whether PI3K signaling was enriched within
the patient’s endotype compared to the other endotypes. Samples counted as within the pa-
tient’s endotypewere SMS-CTR, Hs729T, RD, RMS13, CW9019, COG-R-486h, and RMS559.
Several mutations in the PI3K pathway were found in common with the samples within the
same endotype (Supplemental Table S6). Further, the case sample shares mutations in
PIK3C2G, PIK3IP1, and PIK3R3 with SMS-CTR, RD, and Hs729. Some samples outside the
patient’s endotype were found to have PI3KCA and PI3KC2A mutations, and conversely,
not all samples within the patient’s endotype were found to have all of the same PI3K muta-
tions. However, the majority of samples with whole-exome sequencing data outside of the
patient’s endotype did not harbor amutation within the PI3K genes of interest, whereas all of
the samples within the patient’s endotype did harbor at least one PI3K mutation. Finally, the
patient shares several other mutations in common with samples within the patient’s endo-
type, further elucidating that PI3K may not be the only pathway involved.

DISCUSSION

Despite several advances in understanding the dominant molecular pathways of ERMS, our
data show that only 40% of ERMS tumors have known driving mutations, leaving the remain-
ing 60% of ERMS with a completely unknown biology. For this patient, few pathognomonic
mutationswere identified.Wedid, however, notewidespread amplifications inChromosome
8. Gene variants identified by next-generation deep sequencing, but not by ancillary tests,
included BUB1B (an ERMS-associated germline variant) and a somatic variant of DICER1.

FOXM1/BUB1B signaling pathway is considered to be crucial for the growth and pro-
gression of rhabdomyosarcoma (Wan et al. 2012). BUB1B acts by regulating the spindle-as-
sembly checkpoint and is a transcriptional target of Forkhead Box M1 (FoxM1) (Rio Frio et al.
2010; Wan et al. 2012). Furthermore, when FOXM1 is suppressed by either shRNA or
FOXM1 inhibitor siomycin A, BUB1B levels decrease, leading to chromosomal loss and ap-
optosis (Wan et al. 2012). Overexpression of BUB1B is also related to poor prognosis and
progression of other types of cancer, such as breast, gastric, colorectal, and prostate (Fu
et al. 2016; Hahn et al. 2016; Hudler et al. 2016; Mansouri et al. 2016).

Figure 4. Index case endotype unsupervised clustering of embryonal rhabdomyosarcoma (ERMS) and non-
rhabdomyosarcoma soft-tissue sarcoma (NRSTS) samples with alveolar rhabdomyosarcoma (ARMS) samples
harboring the PAX7:FOXO1 fusion gene as a control determined several endotypes. Clusteringwas performed
usingDNAand RNA sequencing from tumor samples fromour IRB-approvedCuReFAST initiative and cell lines
(light blue), cell lines from Gene Expression Omnibus (GEO) (purple), PDX mouse models from Champions
Oncology (light gray), cell lines from St. Jude Children’s Research Hospital (blue), ARM patient’s biopsies
from National Cancer Institute (orange), ERMS patient’s biopsies from NCI (dark green), PDX mouse models
from the Jackson Laboratory (light green), canine samples from Flint Animal Cancer Center (pink), genetically
engineered mouse models (red), and the patient’s tumor sample (dark blue avatar). The legend below marks
samples with known sex, age, primary tumor site, somatic mutations, and diagnosis. Gene expression (log2

(TPM +1)) is shown below in a heatmap on a scale of 15 (red) to 0 (green). Samples without matched RNA-se-
quencing data were given a value 0 for all genes. Below the gene expression heatmap, samples with somatic
mutations in our genes of interest are indicated by a black box. Unsupervised clustering was performed sepa-
rately on the expression and somatic data within the legend (vertical dendrogram). Because we suspected a
germline predisposition/syndrome for this patient, we kept germline mutations in the dendrogram but did
not do the same for the other tumors as they were presumably somatic, noninherited cases.
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DICER1 is a miRNA processing gene associated with familial and sporadic ERMS.
Decreased expression of DICER1 correlates with the concentration of miRNA during organ
development, suggesting that abnormal miRNA regulation plays a role in the pathogenesis
of ERMS (Hill et al. 2009). Further, germline mutations in DICER1 can cause DICER1 syn-
drome, a rare pediatric tumor predisposition syndrome. In DICER1-associated tumors, one

Figure 5. Drug validation for rhabdomyosarcoma cell lines. BYL-719, GSK1059615, CUDC-907, TC-KHNS11,
BEZ-235, BKM-120, and entinostat were tested on RMS cell lines RD (blue), SMS-CTR (red), RMS559 (green),
and U57810 (purple) at varying concentrations.
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allele is inactivated by a germline mutation inDICER1 and the other allele has a somatic mis-
sense mutation that affects one of the RNase IIIb metal ion-binding sites (Doros et al. 2014).
Several publications in the literature report sarcomas arising from germline and somatic mu-
tations in DICER1, including urogenital ERMS cases (Doros et al. 2012; de Kock et al. 2017).
In this case, however, no germline mutations were found in DICER1, and the expression of
DICER1 (198.53 TPM) was not decreased compared to the normal cohort of skeletal muscles
from the GTEx project (median TPM, 14.03). Additionally, none of the somatic mutations
found harbored the characteristic RNase IIIb hotspot variant consistent in previous sarcomas
(Doros et al. 2014). The patient’s frameshift variant in this case has not been reported in the
International Pleuropulmonary Blastoma Registry, the majority of which are frameshift or
nonsense mutations (A Hill, pers. comm.). Hence, a causal effect of DICER1 in this cases’
ERMS cannot be ruled out, but would require biochemical investigation to determine if
the expressed protein had a dominant negative effect.

The PI3K pathway has been studied extensively in the context of soft-tissue sarcomas
(Barretina et al. 2010; Shukla et al. 2012; Shern et al. 2014; Li et al. 2015). Shukla et al. has
reported PIK3CA to be mutated in 4.9% of ERMS. A large-scale study focusing on the mu-
tational landscape of rhabdomyosarcoma found mutations in PIK3CA and PIK3CD, as well
as coexisting mutations in PIK3CA and a RAS family gene (Shern et al. 2014). On a smaller
scale, a co-occurrence of two missense mutations in PIK3CA (35 G>A, G12D) and KRAS
(1636C>A, Q546K) were observed in an undifferentiated pleomorphic sarcoma case (Li
et al. 2015). Functionally, PIK3CAmutations have mainly been reported to cluster on helical
(exon 9) and kinase (exon 20) domain (Barretina et al. 2010). In accordance with several pre-
vious genomic studies, a mutation in PIK3CA was found leading to a premature termination
codon (a stop gained) at codon 140. Several other effectors of the PI3K pathway were found
to be mutated, such as PIK3AP1, PIK3C2G, PIK3CB, PIK3CD, PIK3R1, PIK3R3, and PIK3R5,
suggesting a role in the PI3K pathway in the oncogenesis of ERMS in this patient. Although a
protein change was not found for the KRASmutant found in this case, our data reveals a po-
tential role of the RAS/PIK3CA genetic axis as described in previous studies (Shern et al.
2014). Further validation is required to render the genetic function of these mutations.

As a basis for surrogate functional studies, hierarchical agglomerative clustering identi-
fied SMS-CTR, RD, and Hs729T to be the most genetically similar cell line to the patient’s
samples. However, a significant fraction of other ERMS samples have unidentified molecular
features warranting further investigation into potential driving mutations. As a caveat, we
lacked matched normal (germline) controls used for the cell lines included in this study,
and previous studies have shown tumor-only pipelines to be potentially unreliable with
69% of somatic mutations being false positives (Shi et al. 2018). Future studies might consid-
er using a cohort-normal pipeline for samples that do not have a matched normal.

Notwithstanding the caveats of DNA features, the hierarchical agglomerative clustering
of DNA and RNA features identified an ERMS endotype (subgroup) demonstrating consis-
tent sensitivity to the dual HDAC-PI3K inhibitor CUDC-907 and the dual PI3K-mTOR inhib-
itor BEZ0235. These drugs represent candidates for further preclinical/clinical investigation
in this ERMS endotype.

METHODS

Cell Lines
RMS559, CW9019, CCA, RD, Hs729T, COG-R-486h, and SMS-CTR were grown in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. COG-R-486h was maintained in hypoxic conditions.
HSMM, SkMc, RH5, Rh18, CLF-PED-015T, and RMS13 were grown in Roswell Park
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Memorial Institute (RPMI)1640 medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. All cell lines were validated through short tandem repeat
(STR) profiling (Supplemental Table S5).

Whole-Exome and RNA Sequencing
Previous analysis using the OncoPanel assay isolated DNA from FFPE tumor tissue contain-
ing 60% neoplastic cells and analyzed by massively parallel sequencing using a solution-
phase Agilent SureSelect hybrid capture kit and an Illumina HiSeq 2500 sequencer.
A commercial sequencing-based assay for germline TP53 mutations was performed by
Ambry Genetics from peripheral mononuclear cell DNA.

Within the scope of this study, material for the generation of exome and RNA sequencing
data was isolated from FFPE tumor tissue. Comparison was made with DNA from a buccal
swab as the matched normal exome sample. Sequencing of the tumor tissue was performed
at BGI Genomics using Agilent SureSelect capture kit v5 and HiSeq 4000 technology, and
sequencing of the buccal swab was also performed at BGI Genomics using the BGI exome
array and BGISEQ-500RS sequencer.

Variant Detection
Somatic and germline mutations (point mutations, insertions/deletions [indels], and func-
tional and structural variants), as well as copy-number variation, were analyzed using tumor
and matched normal exome sequencing data. Sequence reads were aligned to the GRCh38
human reference genome. Mutations and indels were called with Genome Analysis Toolkit
(GATK) Version 4.0 with tumor logarithm of odds (TLOD) scores of >6.3 (McKenna et al.
2010; DePristo et al. 2011; Van der Auwera et al. 2013). Copy-number variations were iden-
tified using VarScan2, where regions with a log ratio > 0.40 were called as gained, and re-
gions with a log ratio<−0.40 were called as lost (Koboldt et al. 2012).

Gene Expression and Fusion Detection
Gene expression and gene fusion events were analyzed using RNA sequencing data from
the tumor tissue. Transcriptome data was aligned to the GRCh38 human reference genome.
Normalized gene expression was quantified using STAR aligner with RSEM, and gene fusion
events were identified using STAR-Fusion (Li and Dewey 2011; Dobin et al. 2013). Region-
specific unmatched skeletal muscle tissue gene expression data from the GTEx project
served as a population normal to identify underexpressed and overexpressed genes.

Hierarchical Clustering Analysis
DNA and RNA sequencing of canine samples, GEMMs, cell lines, PDX mouse models, and
the patient’s biopsy samples were collected from numerous sources including Flint Animal
Cancer Center (FACC), St. Jude Children’s Research Hospital, the Jackson Laboratory,
Champions Oncology (COG), Gene Expression Omnibus (GEO), and the National Cancer
Institute (NCI) and through our IRB-approved CuReFAST initiative. We used unsupervised
hierarchical clustering analysis to determine the major ERMS endotypes or samples repre-
sentative of distinct pathobiological mechanisms. Average-linkage clustering and the
Euclidean distance methods were used in RStudio Version 3.6.1 to develop the dendrogram
shown in Figure 4. Average-linkage clustering and the Euclidean distancemethods were also
used to create the vertical dendrograms.

Chemical Screens
Human cell lines RMS559, SMS-CTR, and RD and the mouse cell line U57810 were grown to
∼70% confluency in appropriate media before being trypsinized and plated into white-
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walled 384-well plates. BYK-719, GSK-1059615, TC-KHNS11, BEZ-235, CUDC-907, entino-
stat, and BKM-120 were resuspended in DMSO and added to plates at concentrations of
0.01 µM, 0.0268 µM, 0.072 µM, 0.193 µM, 0.518 µM, 1.39 µM, 3.73 µM, and 10 µM using
the Tecan D300e drug printer (Tecan Life Sciences). After 72 h of incubating the cells with
drugs at 37°C, 25 µL of CellTiter-Glo (G9243, Promega) was added to each well using the
MultiFlo Dispenser. Cells then incubated in the dark for 15 min at room temperature while
rocking. Luminescence was captured using the BioTek Synergy HT plate reader. Absolute
IC50 values were found using GraphPad Prism (GraphPad).

ADDITIONAL INFORMATION

Data Deposition and Access
All raw data was deposited to our CuReFAST database. RNA sequencing data of our biopsy
samples and cell lines were submitted to Gene Expression Omnibus (GEO) (accession num-
bers: GSE138269). DNA sequencing data of our biopsy samples and cell lines were submit-
ted to EuropeanGenome-phenomeArchive (EGA) (accession number: EGAS00001003981).
Sequencing data from the laboratory of Dr. E. Alejandro Sweet-Cordero (UCSF) will be sub-
mitted separately to EGA. DNA and RNA sequencing for the UPS cell line, CLF-PED-015-T,
were downloaded from dbGaP (accession number: phs001121.v1.p1). RNA sequencing
data were collected from GEO for the cell lines, SkMc (accession number: GSM984615),
and HSMM (accession number: GSM758578). Sequencing data from cell lines, RUCH2,
RUCH3, SCMC-RMS, and RMS-YM, along with the cell lines from St. Jude Children’s
Hospital, are available on the OncoGenomics Database (https://pob.abcc.ncifcrf.gov/cgi-
bin/JK). Somatic and gene expression data from Champions Oncology were received
from the Champions TumorGraft database. National Cancer Institute (NCI) data was provid-
ed within the Supplemental Materials of Shern et al. (2014). Data from PDX models from
Jackson Laboratory are available through the Mouse Tumor Biology Database (http://
tumor.informatics.jax.org/mtbwi/pdxSearch.do). RNA sequencing of GEMMs and canine
samples were deposited to GEO (GSE142775) and DNA sequencing of GEMMs were
deposited to SRA (PRJNA613152).
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