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Abstract In this case report we evaluate the genetics of and scientific basis of therapeutic
options for a 14-yr-old male patient diagnosed with metastatic PAX3–FOXO1 fusion posi-
tive alveolar rhabdomyosarcoma. A distinguishing genetic feature of this patient was a
germline RET C634F mutation, which is a known driver of multiple endocrine neoplasia
type 2A (MEN2A) cancer. Through sequential DNA and RNA sequencing analyses over
the patient’s clinical course, a set of gene mutations, amplifications, and overexpressed
genes were identified and biological hypotheses generated to explore the biology of
RET and coexisting signaling pathways in rhabdomyosarcoma. Somatic genetic abnormal-
ities identified include CDK4 amplification and FGFR4 G388R polymorphism. Because of
the initial lack of patient-derived primary cell cultures, these hypotheses were evaluated us-
ing several approaches includingwestern blot analysis and pharmacological evaluation with
molecularly similar alveolar rhabdomyosarcoma cell lines. Once a primary cell culture
became available, the RET inhibitor cabozantinib was tested but showed no appreciable ef-
ficacy in vitro, affirming with the western blot negative for RET protein expression that RET
germline mutation could be only incidental. In parallel, the patient was treated with cabo-
zantinib without definitive clinical benefit. Parallel chemical screens identified PI3K and
HSP90 as potential tumor-specific biological features. Inhibitors of PI3K and HSP90 were
further validated in drug combination synergy experiments and shown to be synergistic
in the patient-derived culture. We also evaluated the use of JAK/STAT pathway inhibitors
in the context of rhabdomyosarcomas bearing the FGFR4 G388R coding variant.
Although the patient succumbed to his disease, study of the patient’s tumor has generated
insights into the biology of RET and other targets in rhabdomyosarcoma.

[Supplemental material is available for this article.]

INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common childhood soft-tissue sarcoma and often
also occurs in adolescents and young adults under age 40. In the United States, alveolar
RMS (ARMS) has an annual incidence of approximately one incident per million persons
per year across all age groups (∼350/yr). The ARMS subtype accounts for 20%–30% of all
RMS tumors and represents∼1% of all pediatric cancers. ARMS is often described by the de-
fining gene fusion event that initiates the ARMS: the more prevalent PAX3:FOXO1-positive
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variant and the less common PAX7:FOXO1-positive subtype. ARMS can also be driven by
atypical fusions (PAX3:NCOA1, PAX3:INO8) or can be fusion-negative.

The standard treatment for RMS consists of surgery, radiation, and intensive chemother-
apy (Hawkins et al. 2013). Specific therapeutic protocols have been developed by the
Intergroup Rhabdomyosarcoma Study Group (IRSG) for patients based on their risk group
with the goal of reducing therapy related toxicities for patients with low risk of recurrent dis-
ease. Patient risk group is determined by histological criteria (e.g., embryonal RMS vs. alve-
olar RMS, and local vs. metastatic disease) and molecular profiling (such as fusion status), as
well as tumor site and extent of disease. The different risk groups have vastly different out-
comes with low-risk patients having an overall survival rate of >90% (Raney et al. 2011). On
the other hand, ARMS patients in the high-risk, metastatic disease group have poor 5-yr
event-free survival (EFS) rates, with EFS rates for fusion-negative ARMS at 29%, ARMS-
unknown at 17%, ARMS–PAX7 at 17%, and ARMS–PAX3 at 8% (Rudzinski et al. 2017). A sig-
nificant fraction (15%) of patients with RMS present with metastatic disease denoted IRSG
Stage IV (IRSG-IV) at the time of diagnosis (Oberlin et al. 2008). Current RMS research is often
focused on PI3K/mTOR inhibitors as an effective therapeutic strategy, particularly in combi-
nation with additional agents such as chemotherapy (clinical trial NCT01222715). However,
long-term benefits are still unclear, thus effective treatment strategies for patients with met-
astatic disease remains an area of clinical need.

This case presentation describes a 14-yr-old male with advanced metastatic ARMS. At
first, high-throughput genomic sequencing of the patient’s excised tumor was performed
to generate hypotheses for drivers of tumor maintenance/progression. In the early phase
of this analysis, patient-derived cell cultures were not available, so genetically selected sur-
rogate experimental cell model systems were used to test hypotheses. Although the pa-
tient’s disease was initially responsive to standard chemotherapy and radiation, over time
the patient’s disease progressed. Disease progression necessitated further surgeries, which
provided additional tumor tissue for further genetic analysis, protein expression analysis, and
cell model generation that enabled drug screening and drug synergy studies. In this article
we report our posthumous results that, for this patient, genetic analysis alone may have re-
sulted in false positives, whereas functional genomics (chemical drug screens plus genomics)
may have been a more viable method for identifying effective therapeutic interventions.

RESULTS

Clinical Presentation
The patient (designated CF-00034) was a previously healthy 14-yr-old male who presented
to his pediatrician with a 3 wk history of coughing and shortness of breath during bicycle rid-
ing, with no history of fever. On physical examination, temperature, blood pressure, and ox-
ygen saturation were all in normal ranges. He had decreased breath sounds on the left lower
lung base and egophony. The right side was clear to auscultation with good aeration
throughout. A chest radiograph was obtained (Fig. 1A), which showed a large left pleural ef-
fusion causing compression of the left lung. The patient then underwent a video-assisted
thoracoscopic procedure to drain the effusion. A thick, straw-colored fluid was removed,
and multiple pleural-based and hilar masses were noted and biopsied (Fig. 1B–D) before
the lung was reexpanded. The biopsies showed sheets of small round blue cells with in-
creased mitotic activity that stained positive for myosin, desmin, CD56, and WT-1.
Staining for myogenin was also performed and was positive in 80% of the patient’s cells.
Fluorescence in situ hybridization (FISH) testing revealed a PAX3–FOXO1 fusion, conferring
a final diagnosis of alveolar rhabdomyosarcoma. Staging evaluation revealed a primary mass
in the upper left abdomen near the left adrenal gland, along with metastatic disease in both
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lungs and hilar and supraclavicular lymphadenopathy. Bone marrow was not involved. On
further questioning, the mother also reported that multiple family members on the maternal
side had been diagnosed with malignant hypertension, pheochromocytomas, and thyroid
cancer. Germline genetic testing on the patient revealed a c.1091G>T (p.C634F) mutation
in the RET gene, consistent with a diagnosis of multiple endocrine neoplasia type 2A
(MEN2A). Multiple family members, including the patient’s mother, underwent genetic test-
ing as well, and the same RETmutation was identified. This particular mutation is associated
with a high risk of medullary thyroid cancer, and current clinical guidelines recommend early
biochemical screening and prophylactic thyroidectomy at or before the age of 5 (Spinelli
et al. 2016). Patients with mutant RET also have an increased risk of pheochromocytoma
and hyperparathyroidism.

The patient was started on chemotherapy with irinotecan, vincristine, cyclophospha-
mide, doxorubicin, dactinomycin, ifosfamide, and etoposide. He had good initial response
to therapy, with resolution of his malignant effusion and lung lesions after 2 mo. He under-
went radiation to the primary abdominal lesion as well as whole-lung radiation, before pro-
ceeding with more chemotherapy. Compared to the PET scan at diagnosis showing disease
in the lung and abdomen (Fig. 1E), at the end of first-line therapy, the patient had resolution
of fluorodeoxyglucose (FDG) uptake and no evidence of disease by imaging (Fig. 1F). The
patient was then started on a cabozantinib (a RET inhibitor) in the context of “off-label” us-
age given that cabozantinib is an FDA-approved agent for the treatment of cancer, but not
rhabdomyosarcoma specifically.

No evidence in the literature yet existed that a RET inhibitor would be efficacious in pre-
venting or delaying relapse of a germline RET-mutant alveolar rhabdomyosarcoma, but giv-
en the poor prognosis of metastatic alveolar rhabdomyosarcoma and the mutant RET status,
the patient and family elected to use a commercially available RET inhibitor (RETi) off label as

E F
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Figure 1. Patient CF-00034 chest scans and biopsy histopathology. (A) Patient initial chest X-ray. (B–D)
Representative histology images of hematoxylin and eosin–stained tumor biopsy tissue (dark blue, cell nuclei;
pink, extracellular matrix). (E) Patient initial positron emission tomography (PET) scan at diagnosis. (F ) Patient
PET scan at conclusion of primary therapy.
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maintenance therapy for a planned duration of a year. Standard adult dosing was used given
the patient’s size and lack of pediatric data at the time. While on maintenance therapy, he
underwent imaging every 3 mo. After 6 mo of therapy, the patient took himself off the med-
ication. He had no evidence of disease on imaging at that time. However, he developed
new lung nodules on surveillance imaging 3 mo later, and biopsy confirmed recurrent
rhabdomyosarcoma.

Cessation of the RET inhibitor may not have had any effect on the timing of relapse, but
the family noted that while cabozantinib was being taken the drug was generally well-toler-
ated. The patient did have some mild grade 1 thyroid dysfunction, which is commonly re-
ported with these inhibitors. Screening biochemical studies including parathyroid,
calcium, phosphorus, calcitonin, and catecholamine levels in this patient were all normal
and remained normal throughout his treatment. No multiple endocrine neoplasia (MEN)-
related tumors were ever seen on imaging.

Genomic Analyses
Tumor tissue resected from an early operation was stored as formalin-fixed, paraffin-embed-
ded tissues, which were sectioned and sent for DNA isolation and whole-exome sequencing
through our CLIA-certified sequencing partner Beijing Genomics Institute (the complete
process sequencing and analysis process was not CLIA-certified and would be classified
as research-level). White blood cells isolated from a blood draw were sent for DNA isolation
and whole-exome sequencing as matched normal tissue. Tissue resected during a later op-
eration following recurrence was sent for DNA and RNA isolation and sequencing. The total
sequencing data set thus consisted of whole-exome sequencing of the initial tumor, whole-
exome sequencing of matched normal DNA from blood, whole-exome sequencing of
relapsed tumor tissue, and whole-transcriptome sequencing of relapse tumor tissue. This se-
quencing data set was analyzed for both pathogenic germline alterations and actionable
(druggable) targets based on the presence of somatic missense mutations altering the func-
tion of the original gene, evidence of copy-number gain, and level of gene expression. A cir-
cos plot of genomic alterations, at the time of relapse, is provided in Figure 2A, and an
abbreviated set of sequencing results is provided in Figure 2B. A table of relevant genomic
variations is provided in Table 1. Coverage for sequencing experiments is provided in Table
2. Larger version circos plots documenting genomic alterations of initial and relapse tumors
can be found in Supplemental Figure 1, a partial list of sequencing results can be found in
Supplemental Table 1, and complete sequencing results are presented in Supplemental
Material.

RET C634F
Initial attempts to generate patient-derived primary cultures were unsuccessful, which neces-
sitated identifying cell models biosimilar to the index case for in vitro experiments to validate
potential therapy options. Similarity of cell models was quantified using an ARMS-focused
dendrogram computational model. This analysis is being prepared for a separate manuscript
(KA Crawford, NE Berlow, C Keller, in prep.) focusing on RET activation in the broader con-
text of ARMS. When biopsy material became available from relapse surgeries, western blot
analysis of CF-00034 revealed the absence of RET protein (Fig. 3), which is consistent with
low expression of RET per RNA sequence analysis (0.05 TPM; Fig. 2B).

Throughout this study the evaluation of patient-specific therapeutic strategies was hin-
dered by the lack of a patient-derived cell model. To overcome this limitation, the patient
engaged the services of Champions Oncology for the generation of a mouse patient-
derived xenograft (PDX) model (CTG-3483). Tumors explanted from the PDX mice were
developed into a primary cell culture that was used for drug screen studies. The resulting
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culture (CF-00034-5) was confirmed for PAX3–FOXO1 fusion by western blot and authenti-
cated through short tandem repeat (STR) analysis (Supplemental Fig. 2). CF-00034-5 was
used to evaluate the effectiveness of RETi cabozantinib, the drug used for maintenance ther-
apy. The results (Fig. 3B,C) indicate that CF-00034-5 is only sensitive to cabozantinib (EC50

11 µM) at concentrations above that which can be achieved clinically (100mg daily dose for 2
wk resulted in a mean plasma concentration of 2.2 µM) (Daud et al. 2017).

Nonetheless, mutations in RET are known to lead to constitutive activity of RET signaling
(Pecceet al. 2018),whichmight present a strong target for RET inhibition.However, the lackof
sensitivity to multiple RET inhibitors and the absence of RET protein expression suggest the
patient’s germline RET mutation was not biologically relevant in this rhabdomyosarcoma.
Newly available clinical RET inhibitors have shown promising results in typically RET-associat-
ed cancers, such as BLU667 in RET-fusionpositiveNSCLC (Gainor et al. 2019) and LOXO-292
in RET mutant cancers such as lung cancer and thyroid cancer (Guo et al. 2019). These next-
generation RET inhibitors may prove more effective than previously validated inhibitors.

CDK4 Amplification
The 12q13-q14 amplicon is common in RMS, found in ∼25% of PAX3–FOXO1 tumors and
4% of PAX7-FOXO1 tumors (Olanich et al. 2015). This amplification is associated with an
aggressive ARMS subtype and contains cyclin-dependent kinase 4 (CDK4) locus. CDK4/6 in-
hibitors have been approved for use in metastatic breast cancer and are being investigated

B

A

Figure 2. Circos plot of patient’s molecular sequencing. (A) Genetic alterations of relapse biopsy. Initial biop-
sy results provided in Supplemental Figure 1. (B) DNA whole-exome and RNA whole-transcriptome sequenc-
ing results of high interest. (C) EC50 values for cell models treated with single-agent Stattic.
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for a multitude of other solid tumors as well as sarcomas, including RMS (Schettini et al.
2018). Although CDK4 inhibition has been found to be effective in CDK4-amplified liposar-
coma and neuroblastoma, CDK inhibitor use in rhabdomyosarcoma is not supported by re-
cent findings (Olanich et al. 2015). To this point, the effectiveness of LEE011 (ribociclib, a
specific CDK4/CDK6 inhibitor) in rhabdomyosarcoma correlated across cell lines with lowex-
pression of CDK4, with results contrary to the intuitive hypothesis. Based on these results, we
chose not to pursue CDK4/6 inhibitor studies.

FGFR4 G388R P136L
FGFR4G388R is a common polymorphism found in 50% of the human population. This poly-
morphism (ClinVar16326) is associated with cancers of bone, breast, colon, prostate, skin,
lung, head and neck, soft-tissue sarcoma, and non-Hodgkin’s lymphoma (Frullanti et al.
2011). The Arg388 residue is located in the cytoplasmic juxtamembrane region and is sug-
gested to expose a novel STAT3 binding site (Ulaganathan et al. 2015). As such, we evalu-
ated ARMS cell line Rh30 and embryonal RMS cell line Rh6 sensitivities to pathway
inhibitors including FGF401 (FGFR4), PP1 (SRC), ruxolitinib (JAK1/2), and Stattic (STAT3).
Both Rh30 and Rh6 are isogenic to CF-00034 with respect to FGFR4 G388R P136L status.
Of all of these agents, only Stattic demonstrated consistent proliferation inhibition, albeit
with half-maximal effective concentration (50% cell viability dosage point, EC50) > 2 µM
(Fig. 4). Stattic is a nonpeptidic small molecule and was chosen for this study because of
its reported selectivity for STAT3 over STAT1/5/6 inhibition (IC50 of 5.1 µM [Schust et al.
2006]). However, more recent studies have determined that Stattic is a reactive compound

Table 2. Sequencing experiment coverage

Sample name Sequencing type Sample type Coverage

CF-00034 initial tumor DNA whole exome Tumor 100× (paired end)

CF-00034 relapse tumor DNA whole exome Tumor 100× (paired end)

CF-00034 normal sample DNA whole exome Normal 50× (paired end)

CF-00034 RNA tumor RNA whole transcriptome Tumor 40 M reads (paired end)

Sequencing type, sample type, and coverage for sequencing experiments performed in this manuscript.

C

A B

Figure 3. CF-00034 biopsy RET expression and CF-00034-5 cell culture sensitivity to RETi. (A) Western blot
analysis of CF-00034 tumor biopsy at time of relapse. The MCF7 breast cancer cell line is known to express
RET and was used as a positive control. (B) Cell proliferation curves of CF-00034 derived cell culture.
Cabozantinib is a highly selective RETi that the patient received as maintenance therapy, and BKM120
(PI3Ki) was used as a positive control. (C ) Table of reported drug Cmax values and EC50 values determined
for CF-00034-5.
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that alkylates cysteines indiscriminately, and is thus a potentially promiscuous probe for eval-
uating STAT3 biology.

Functional Analyses; Drug Screening of Patient-Derived Cell Culture
The results of a 60-compound drug screen are shown in Table 3. The drug screen is com-
posed of approved drugs, drugs in late stage development, and drugs enriched in inhibitors
of epigenetic targets. Two of the most potent drugs identified from the screen were the PI3K
inhibitor BKM120 and HSP90 inhibitor CUDC-305, which had no correlative genomic alter-
ations for this patient. We extended this study further by performing drug synergy studies
with PI3K inhibitors BKM120 and BYL719, andHSP90 inhibitor AUY922 (Fig. 5A). These stud-
ies demonstrate that BKM120 was a more effective inhibitor of proliferation than BYL719
(Fig. 5B), and both drugs demonstrated synergy with HSP90 inhibitor AUY922 at clinically
achievable concentrations (Fig. 5C,D).

Although the screen did not contain a highly specific RET inhibitor, two RTK inhibitors
(dasatinib and midostaurin) are moderately selective inhibitors of RET; despite both drugs
being tested at more than 10 times the agent’s RET Kd concentration, neither drug demon-
strated single agent activity (Supplemental Table 2). Similarly, the potent pan-FGFR inhibitor
LY2874455 showed minimal in vitro efficacy, despite the presence of two FGFR4 mutations
(Supplemental Table 2).

DISCUSSION

We performed extensive genomic analysis of a 14-yr-old patient (carrying a germline RET-
activating mutation) diagnosed with metastatic rhabdomyosarcoma with the interest of

B C

A

Figure 4. Proliferation inhibition of RMS FGFR4 G388R cell lines. (A) Cell proliferation curves for Rh30 (ARMS)
and Rh6 (ERMS) with JAK/STAT pathway inhibitors. (B) STAT3 inhibitor Stattic inhibited cellular proliferation of
RMS cell lines Rh30 and Rh6 that bearing FGFR4 G388R P136L. (C) EC50 values for cell models treated with
single-agent Stattic.
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creating generalized knowledge for the literature that might address the use of RET inhibi-
tors for rhabdomyosarcoma. Analysis of the patient’s initial and relapse tumor tissue con-
firmed the patient’s RET germline mutation and identified a small set of potentially
actionable variations, which were evaluated in vitro once a primary cell culture became avail-
able. Despite the presence of RETC634Fmutation, RET itself wasminimally expressed at the
transcript level and showed no evidence of protein expression by western blot, suggesting
that RET inhibitor therapy might have been unlikely to be effective frontline therapy for this
patient. This observation was confirmed once the patient-derived cell culturewas developed
and assayed for sensitivity to RET inhibitor cabozantinib. The cell culture was sensitive to
cabozantinib but only at concentrations above what is achievable in the clinic. The modest
sensitivity to cabozantinib can be explained by the drug’s inhibition of homologous tyrosine
kinases such as KIT, KDR, AXL, andMET (Kd = 4.6, 7, 7.5, and 9 nM, respectively) (Tanoli et al.
2018), which bind to these targets at lower concentrations than RET (18 nM) or off-target ef-
fects at micromolar concentrations. Additional results were obtained from the 60-compound
drug screen. Although the screen did not contain a highly specific RET inhibitor, the screen
included nine tyrosine kinase inhibitors including two RTK inhibitors (dasatinib and midos-
taurin) that are moderately selective inhibitors of RET; despite both drugs being tested at
10 times the agent’s RET Kd concentration, neither drug demonstrated single-agent activity.
Although the data does not support the use of RETi as a frontline therapy for this patient, the
value of using amultikinase inhibitor, such as cabozantinib, for maintenance therapy remains
an open question.

The CF-00034 patient was found to have the 12q13-q14 amplicon that contains the
CDK4 locus and to have high CDK4 transcription. However, contrary to other cancer types,
in fusion-positive RMS, CDK4 amplification does not correlate with in vitro sensitivity to
CDK4 inhibitors (Olanich et al. 2015). Consequently, sensitivity to CDK4 inhibitors was not
evaluated in this report. We noted, however, that the patient was prescribed palbociclib
(CDK4/6i) to treat relapse disease.

Table 3. Pharmacological target identification

Drugs Target Absolute EC50 (nM)

Dinacicliba CDK 2/5/1/9 10

INK128 mTORC1,2 70

Panobinostata pan-HDAC 150

Brefeldin Aa ATPase 150

Thapsigargin SERCA 630

Mithramycin A SP1 770

BKM120 PI3K (p110α,δ,β,γ), mTOR 990

CUDC-305 HSP90 1070

YM155 Survivin 1200

BIX 01294 G9a (H3K9me2) 1430

BMS-754807 IGF1R, AURKA/B 1710

UNC0642 G9a/GLP 1730

SGI-1776 PIM1/2/3 1850

Dasatinib Abl, Src, and c-Kit 4840

Crizotinib C-MET, ALK 5240

CUDC907 HDAC1/2/3/6/10/11, PI3Kα 6700

Top hits from 60 compound drug candidate screen used for target identification for CF-00034.
aFrequent inhibitors of proliferation in vitro.
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The patient’s tumor is homozygous for FGFR4 G388R and heterozygous for FGFR4
P136L, and FGFR4 overexpression was observed. The prevalence of the FGFR G388R al-
lowed us to investigate JAK-STAT pathway inhibitors in FGFR G388R mutant RMS cell lines
(Rh30 and Rh6), which demonstrated that Stattic (a STAT3 inhibitor) inhibited cellular prolif-
eration. This result was later confirmed with the patient-derived cell culture. Stattic has been
reported to block STAT3 dimerization and, thus, nuclear translocation. Several more recent
reports have expanded the mechanistic understanding and suggest that Stattic alkylates the
cysteines of STAT3 (Heidelberger et al. 2013) and is a nonselective cysteine alkylating agent
(Ball et al. 2016). Thus, Stattic is a nonideal probe for interrogating STAT3-related biology. At
this point, we have not yet validated any targets in the JAK-STAT pathway for RMS patients
by other means.

Functional profiling of the patient’s xenograft-derived cell culture revealed sensitivity to
both PI3K inhibition and HSP90 inhibition. To further evaluate these oncogenic targets, we
validated the PI3K inhibitors BYL719 (alpelisib) and BKM120 (buparlisib) in combination with
HSP90 inhibitor AUY922 (luminespib). Each drug demonstrated single agent activity with
EC50 values near their reported clinically achievable concentrations, and both PI3K inhibitors
showed in vitro synergy with AUY922 for this patient’s cell model. Evaluating BKM120-
AUY922 combinations in RMS is open for further evaluation.

Though rare in the population and especially within the context of ARMS, the RET C634F
germline mutation presents a challenging clinical phenotype. While associated with the de-
velopment of cancers, RET C634F may be minimally involved in tumor progression and
maintenance and likely did not confer sensitivity to RET inhibition. Thus, RET inhibition
may not be an effective therapeutic option once disease is progressing. Nonetheless, the

B

A C

D

Figure 5. Validation of PI3K/HSP90 as drug targets. (A) Table of PK data of pharmaceuticals used in study.
(B) Determination of single-agent EC50 values. (C ) Heatmap of combination indexes calculated at various
drug exposures. Dashed lines indicate clinically achievable drug concentrations. (D) Single-agent and drug
combination dose–response curves at clinically achievable concentrations (boxed).
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patient’s course of treatment cannot exclude the possibility that RET inhibitor therapy may
have impacted time to recurrence and might be studied in the context of a maintenance
therapy for RET-mutant ARMS when disease is in remission.

For this patient, high-throughput exome and transcriptome sequencing provided action-
able results, but based on functional testing, these results may have provided little clinical
benefit. The RET C634F mutation did not confer RET sensitivity, CDK4 amplification is in-
versely related with CDK4 inhibitor sensitivity in RMS, and the FGFR4 mutations did not
directly induce FGFR sensitivity, though did reveal a potential sensitivity to STAT3 inhibitors.
Unfortunately, potent STAT3 inhibitors are not yet available for clinical use, but are worth ex-
ploration when clinically relevant inhibitors become available. Instead, functional testing
pointed to targets that would not likely have been selected from high-throughput sequen-
cing—specifically, PI3K inhibitors and HSP90 inhibitors. Thus, for this patient, high-through-
put sequencing would likely have less ideally informed effective clinical treatment options
based on functional testing results. When available, functional testing may provide a valu-
able supplement to, or even a primary methodology for, therapy assignment for high-risk
cancer such as ARMS.

METHODS

Cell Lines
The Rh30 cell line (Douglass et al. 1987) (RRID:CVCL_0041) was shared by the Children’s
Oncology Group Childhood Cancer Repository and was cultured in RPMI-1640
(11875-093; ThermoFisher Scientific) supplemented with 10% fetal bovine serum (FBS)
(26140079; ThermoFisher Scientific) and 1% penicillin-streptomycin (15140-122;
ThermoFisher Scientific) (RPMI+10:1) in 5% CO2 at 37°C, per cell line instructions. Rh6
and Rh3 cell lines were obtained from Dr. P. Houghton of St. Jude Children’s Research
Hospital, Memphis, TN, and was cultured in RPMI+10:1. MCF-7 (ATCC HTB-22) was ob-
tained from ATCC and cultured in ATCC-formulated Eagle’s Minimum Essential Medium
(30-2003, ATCC) similarly supplemented with FBS and penicillin-streptomycin.

Western Blot
Soluble protein lysateswere preparedusingRIPAbuffer (Thermo89900), withHALTprotease
and phosphatase inhibitor cocktail (Thermo 78441). An amount of 20 µg of MCF7 protein ly-
sate was run on 10% Tris-Glycine SDS-polyacrylamide gel (Bio-Rad 456-1024). CF-00034 tu-
morbiopsymaterialwaswashedwithcoldPBS,mincedbyhand,and furtherprocessed inRIPA
+HALTusingan immersion sawtoothgeneratorprobe,andsonication.CF-00034solublepro-
tein lysate was loaded in a range of concentrations. After electrophoresis, the protein gel was
transferred to PVDFmembrane (Bio-Rad 1620177). For Figure 3,membraneswere incubated
with primary antibodies: RET (Cell Signaling 3223) and β-actin (Sigma-Aldrich A5441). After
appropriate washing, HRP-conjugated secondary antibody (anti-rabbit PI-1000, and anti-
mouse PI-2000, Vector Laboratories) incubation was performed. Blots were visualized with
chemiluminescent substrates (Bio-Rad1705061). ForSupplemental Figure3westernblot, pri-
mary antibodies used consist of PAX3 antibody (R&D Systems MAB2457) and GAPDH (Cell
Signaling Technology 2118) and the same secondary antibodies as mentioned above.

Cellular Proliferation Assay
Rhabdomyosarcoma cell lines Rh30 and Rh6 were seeded in 384-well plates at 2500 cells per
well, in 30 µL of media, using a BioTek MultiFlo dispenser. Cultures were grown overnight
and then treated with drugs FGF401 (23029), PP1 (14244), Ruxolitinib (11609), and Stattic
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(14590) that were all purchased from Cayman Chemical. All of the pharmaceuticals were ad-
ministered at the following concentrations using a D300e digital dispenser (Tecan Trading
AG): 0.01, 0.0316, 0.1, 0.316, 1, 3.16, and 10 µM. After 72 h of drug treatment, cultures
were treated with an equal volume of CellTiter-Glo reagent (Promega 2020-01-29).
Luminescence wasmeasured in a Biotek Instruments Inc. plate reader. The data was then an-
alyzed using Prism GraphPad software.

Primary Cell Culture Generation
Tumor tissue resected from the patient was sent to Champions Oncology for development
of an avatar mouse model (denoted CTG-3483) using their previously published methodol-
ogy (Rubio-Viqueira et al. 2006; Hidalgo et al. 2011). Once the patient CF-00034 avatar
model was established, a PDX tumor explant were received from Champions Oncology
model CTG-3483 (study 1130-009, animal ID 120492 and 129494). Tumor tissuewasminced
by hand and processed with GentleMacs dissociator (130-093-235, Miltenyi Biotec GmbH)
according to the manufacturer’s protocol. The cultures were grown in RPMI+10:1. The re-
sulting primary cell culture was designated CF-00034-5.

All animal procedures performed at Champions Oncology were conducted in accor-
dance with the Guidelines for the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee at Champions Oncology.

Novel Drug Screen
A set of 60 drug candidates were applied to 384-well plates, in triplicate, to generate a
four-point dose curve (final concentrations of 0.01, 0.1, 1, and 10 µM). Primary cell culture
CF-00034-5 was added to the plates using MultiFlo (BioTek) dispenser, and plates were
incubated for 72 h. Cellular proliferation was then measured using Cell Titer Glo as men-
tioned above. IC50 values were determined using Excel (Microsoft) software.

Drug Combination Studies
Primary cell line CF-00034-5 was prepared in a 384-well plate for cellular proliferation assay
in an identical manner as above. After overnight incubation, the cultures were treated with
inhibitors BKM120 (HY-70063, MedChemExpress LLC), BYL719 (S2814, Selleck Chemical),
and AUY922 (HY-10215, MedChemExpress). All of the pharmaceuticals were administered
at final concentrations of 0.3, 0.949, 3, 9.49, and 30 µM. Cellular proliferation was measured
by Cell Titer Glo as described above. IC50 values were determined using GraphPad software
and combination indexes were calculated using CalcuSyn software (Biosoft).

ADDITIONAL INFORMATION

Data Deposition and Access
All sequencing data, both DNA whole-exome and RNA whole-transcriptome, are
available through the European Genome-phenome Archive (EGA; https://ega.archive
.org), study accession ID EGAS00001004359. Sequencing data for this project is protected
and can be requested through the EGA system under the data access policies established for
the study.

Ethics Statement
All human tissue samples were acquired through the Cancer Registry for Familial and
Sporadic Tumors (CuRe-FAST) tumor banking program. All patients enrolled in CuRe-
FAST provided informed consent. All aspects of the study were reviewed and approved
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by the Children’s Cancer Therapy Development Institute (cc-TDI) Institutional Review Board
(IRB). Patient data and clinical and pathologic information are maintained in a de-identified
database.
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