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abstract

PURPOSE Novel biomarkers are needed to differentiate outcomes in intermediate-risk rhabdomyosarcoma
(IR RMS). We sought to evaluate strategies for identifying circulating tumor DNA (ctDNA) in IR RMS and to
determine whether ctDNA detection before therapy is associated with outcome.

PATIENTS AND METHODS Pretreatment serum and tumor samples were available from 124 patients with newly
diagnosed IR RMS from the Children’s Oncology Group biorepository, including 75 patients with fusion-negative
rhabdomyosarcoma (FN-RMS) and 49 with fusion-positive rhabdomyosarcoma (FP-RMS) disease. We used
ultralow passage whole-genome sequencing to detect copy number alterations and a new custom sequencing
assay, Rhabdo-Seq, to detect rearrangements and single-nucleotide variants.

RESULTSWe found that ultralow passage whole-genome sequencing was a method applicable to ctDNA detection in
all patients with FN-RMS and that ctDNA was detectable in 13 of 75 serum samples (17%). However, the use of
Rhabdo-Seq in FN-RMS samples also identified single-nucleotide variants, such as MYOD1L122R, previously asso-
ciated with prognosis. Identification of pathognomonic translocations between PAX3 orPAX7 and FOXO1 by Rhabdo-
Seqwas the bestmethod formeasuring ctDNA in FP-RMS and detected ctDNA in 27 of 49 cases (55%). Patients with
FN-RMSwith detectable ctDNA at diagnosis had significantly worse outcomes than patients without detectable ctDNA
(event-free survival, 33.3% v 68.9%; P 5 .0028; overall survival, 33.3% v 83.2%; P , .0001) as did patients with
FP-RMS (event-free survival, 37% v 70%; P 5 .045; overall survival, 39.2% v 75%; P 5 .023). In multivariable
analysis, ctDNAwas independently associatedwithworse prognosis in FN-RMSbut not in the smaller FP-RMScohort.

CONCLUSION Our study demonstrates that baseline ctDNA detection is feasible and is prognostic in IR RMS.

J Clin Oncol 41:2382-2393. © 2023 by American Society of Clinical Oncology
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INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common
soft tissue sarcoma in children and adolescents wi-
th approximately 350 new cases per year in the
United States.1 RMS is subdivided into two genetic
subtypes. Fusion-positive RMS (FP-RMS) is charac-
terized by a somatic translocation between the FOXO1
gene and either the PAX3 or PAX7 gene (PAX/FOXO1).
Fusion-negative RMS (FN-RMS) is characterized by
aneuploidy and recurrent single-nucleotide variants
(SNVs) often in RAS pathway genes.2

Clinical and histologic features are used for risk strati-
fication and treatment selection in RMS. Intermediate-
risk (IR) disease is associated with a 3-year event-free
survival (EFS) ranging from 50% to 75% and accounts
for the largest portion of newly diagnosed patients.3

Optimal treatment selection at diagnosis is important
in RMS as survival after relapse is unusual. Additional
biomarkers of prognosis would more precisely identify

patients who will be cured with standard IR RMS
treatment and patients who should enroll on clinical
trials for high-risk disease.

Circulating tumor DNA (ctDNA) has recently emerged
as a new prognostic biomarker in pediatric and adult
cancers, including other sarcomas.4-6 Next-generation
sequencing (NGS) strategies for the detection of ctDNA
allows for quantification of ctDNA levels and identifi-
cation of somatic variants that may provide additional
prognostic information.7-9 Previous work from our group
and others has shown that detection, quantification,
and profiling of ctDNA in the blood of patients with RMS
are feasible.10-12 In this study, we apply two NGS ap-
proaches to serum samples collected through a Chil-
dren’s Oncology Group (COG) banking study of 124
patients with IR RMS. We determine which somatic
features are most useful for identifying ctDNA, whether
molecular prognostic features can be identified by
ctDNA profiling, and whether the presence of detect-
able ctDNA is prognostic in IR RMS.
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PATIENTS AND METHODS

Patient Selection

All patients were enrolled on the COG biology study D9902,
had pretreatment serum banked, and were coenrolled on a
COG IR RMS trial (D9803 or ARST0531) or met criteria
for IR RMS as defined in ARST0531. Matched germline
samples and tumor tissue were obtained from a subset of
cases. All patients signed written informed consent for
D9902 at the time of enrollment. Separate approval for this
retrospective use of patient samples and clinical data was
obtained from the COG and the Dana-Farber/Harvard
Cancer Center institutional review board. Additional details
are provided in the Data Supplement (online only).

Design of an RMS-Specific Hybrid Capture Assay

We used two methods to profile tumor and serum samples.
Copy number alterations (CNAs) were detected using ultralow
passage whole-genome sequencing (ULP-WGS) as previ-
ously described (Data Supplement).13 To identify transloca-
tions and SNVs, we designed anRMS-specific hybrid capture
assay. This Rhabdo-Seq panel targets intronic regions of
FOXO1, PAX3, PAX7, VGLL2, CITED2,NCOA1, andNCOA2,
which are translocated in RMS (Data Supplement).10 In the
same hybrid capture panel, we targeted coding regions of 24
genes recurrently mutated in RMS (Data Supplement).14

Sequencing and analytical methods are presented in the
Data Supplement.

RESULTS

Patients

Our study included pretreatment diagnostic serum samples
from 124 patients with IR RMS, including 75 with FN-RMS
and 49 with FP-RMS. The clinical characteristics of our
analytical cohort were similar to those of patients treated
on the prior IR RMS COG trial, ARST0531 (Table 1).15

Matched tumor tissue and germline DNA were available
for 69 and 67 patients with FN-RMS, respectively. Matched
tumor tissue was available for 35 patients with FP-RMS.
Among the FN-RMS, histologies included nine botryoid,
two spindle cell, 61 embryonal, and three for whom his-
tology was not specified.

Rhabdo-Seq for Tumor and ctDNA Profiling

To validate the performance of Rhabdo-Seq, we first se-
quenced cell lines and tumors from patients with FP-RMS.
We identified the known complex PAX3/FOXO1 rear-
rangement in Rh4 and PAX7/FOXO1 in CW9019 cell lines.
We also performed a serial dilution of DNA extracted from
Rh4 into normal DNA to determine the limit of detection
(LOD). We found that the fusion could be detected when
Rh4 DNA comprised as little as 0.4% of the total DNA
sample (Data Supplement). We detected the translocation
and patient-specific breakpoints in 28 of 30 tumors with
Rhabdo-Seq data. Two patients without an identifiable
translocation were reported to have a FOXO1 fusion by
fluorescence in situ hybridization, but we were unable to
confirm these primary clinical data. We also analyzed
Rhabdo-Seq data from 57 FN-RMS tumors and, when
available, matched normal DNA. SNVs were detected in
genes frequently mutated in RMS at rates similar to those
reported in previous studies (Data Supplement).14

ctDNA Detection in FN-RMS

To determine which cases of FN-RMS had detectable
CNAs and SNVs, we profiled available tumor tissue from 69
patients by both ULP-WGS and Rhabdo-Seq. Matched
germline DNA was also profiled by Rhabdo-Seq. All 69
cases had detectable CNAs (Data Supplement), confirming
that detection of ctDNA by ULP-WGS would be expected in
all patients with ctDNA levels above the LOD (3% of total
cell-free DNA; Fig 1A). There was sufficient sequencing

CONTEXT

Key Objective
Is circulating tumor DNA (ctDNA) detectable in the blood of patients with intermediate-risk rhabdomyosarcoma (RMS) and

is ctDNA detection associated with outcome?
Knowledge Generated
In this retrospective cohort, detection of ctDNA was feasible and relied on the identification of known somatic variants, such

as aneuploidy and translocations, that define the genetic subtypes of RMS. Detection of ctDNA was significantly as-
sociated with a shorter event-free and overall survival, refining prognosis for patients with intermediate-risk RMS.
Multivariable analysis demonstrated that ctDNA was independently associated with outcome in patients with fusion-
negative RMS but did not reach significance in fusion-positive RMS.

Relevance (S. Bhatia)
ctDNA could serve as a prognostic tool and could inform future risk-stratified treatment in patients with intermediate risk

RMS, when confirmed in prospective trials.*

*Relevance section written by JCO Associate Editor Smita Bhatia, MD, MPH, FASCO.
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library remaining for Rhabdo-Seq profiling of 57 tumors. We
detected a somatic SNV in one or more targeted genes in
only 40 of 57 tumor samples (70%), indicating that for a
third of patients, we would not be able to detect ctDNA by
Rhabdo-Seq regardless of ctDNA content (Fig 1B).

We applied both assays to serum samples from 75 patients
with FN-RMS. ctDNA could be detected in 13 patients
(17%) by ULP-WGS (Fig 1C and Data Supplement) and in
18 patients (24%) by Rhabdo-Seq (Fig 1D). In total, ctDNA
was detected in 23 patients (31%) by either assay (Fig 1E).
In 5 cases where ctDNA was detectable by ULP-WGS but
negative by Rhabdo-Seq, no targeted SNVs had been
detected in the tumor. In all cases for which ctDNA was
detected by Rhabdo-Seq but not by ULP-WGS, ctDNA
levels were below the LOD for ULP-WGS (Fig 1F). In cases
with ctDNA detected by both methods, estimates of ctDNA
content were concordant (Data Supplement)

To determine whether ctDNA detection was associated with
clinical features, we used the ULP-WGSdata applicable to all
FN-RMS cases. Detection of ctDNA was associated with
disease stage and tumor size (Table 2). We also examined
the specific SNVs detected in the tumor and serum samples
by Rhabdo-Seq (Fig 1G). SNVs were always detected in
serum in cases where SNVs were identified in tumor tissue
and for which ctDNA levels were. 3% by ULP-WGS. In two
patients, we detected a somatic SNV in the serum that was
not detectable in the tumor (anARID1Amutation in PANEPE
and a CTNNB1mutation in PAUPKX), suggesting that these
variants were present in subclonal tumor cell populations.

TABLE 1. Study Cohort Demographics
FN-RMS

Characteristic (n 5 75)
ctDNA Cohort,

No. (%)
ARST0531,
No. (%)

Sex

Male 46 (61.3) 146 (57.9)

Female 29 (38.7) 106 (42.1)

Age, years

, 1 5 (6.7) 17 (6.7)

1-9 53 (70.7) 183 (72.6)

101 17 (22.7) 52 (20.6)

Site

Bladder/prostate 14 (18.7) 100 (39.7)

Nonbladder/prostate 61 (81.3) 152 (60.3)

Size of primary tumor, cm

# 5 26 (34.7) 195 (77.4)

. 5 49 (65.3) 57 (22.6)

T-stage

T1 31 (41.3) 101 (40.1)

T2 44 (58.7) 151 (59.9)

Regional nodal status

N0 66 (88.0) 219 (86.9)

N1 7 (9.3) 29 (11.5)

Unknown 2 (2.7) 4 (1.6)

FP-RMS

Characteristic (n 5 49)
ctDNA Cohort,

No. (%)
ARST0531,
No. (%)

Sex

Male 25 (51.0) 62 (44.6)

Female 24 (49.0) 77 (55.4)

Age, years

, 1 5 (10.2) 9 (6.5)

1-9 16 (32.7) 58 (41.7)

101 28 (57.1) 72 (51.8)

Stage

1 7 (14.3) 27 (19.4)

2 10 (20.4) 37 (26.6)

3 32 (65.3) 75 (54.0)

Group

I 2 (4.1) 8 (5.8)

II 9 (18.3) 34 (24.4)

III 38 (77.6) 97 (69.8)

Size of primary tumor, cm

# 5 28 (57.1) 79 (56.8)

. 5 21 (42.9) 60 (43.2)

(continued in next column)

TABLE 1. Study Cohort Demographics (continued)
FP-RMS

Characteristic (n 5 49)
ctDNA Cohort,

No. (%)
ARST0531,
No. (%)

T-stage

T1 27 (55.1) 76 (54.7)

T2 22 (44.9) 63 (45.3)

Regional nodal status

N0 31 (63.3) 89 (64.0)

N1 18 (36.7) 49 (35.3)

Unknown 0 (0.0) 1 (0.7)

FOXO1 partner

PAX3 36 (73.5) 93 (66.9)

PAX7 8 (16.3) 21 (15.1)

Unknown 5 (10.2) 25 (18.0)

NOTE. ARST0531 trial demographics presented as a larger
intermediate-risk rhabdomyosarcoma comparison cohort. FOXO1
fusion partner data in this table are based on clinic annotations for
each cohort.
Abbreviations: ctDNA, circulating tumor DNA; FN-RMS, fusion-

negative rhabdomyosarcoma; FP-RMS, fusion-positive
rhabdomyosarcoma.
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FIG 1. Characterization of FN-RMS genomics and ctDNA detection and quantification. (A) CNAs were identified in all 69 tumor samples by ULP-WGS.
(B) SNVs were identified by the Rhabdo-Seq panel in 40 of 57 tumor samples with adequate sequencing coverage. ctDNAwas detected in the serum in
(C) 17% of the patients by ULP-WGS and (D) 24% of the patients by SNV (continued on following page)
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Moreover, we detected SNVs in three patients (PANDKS,
PATYWU, and PATZHV) without available tumor data
(Fig 1G). All five cases were analyzed with matched germline

DNA to verify that these events were somatic. Three patients
with MYOD1L122R mutations in the tumor had ctDNA in the
serum detectable by identification of theMYOD1L122R variant
by Rhabdo-Seq but below the LOD for ULP-WGS.

ctDNA Detection in FP-RMS

FP-RMS tumors are characterized by PAX/FOXO1 translo-
cations, whereas CNAs are present in only a portion of cases.2

Tumors from 35 FP-RMS cases were profiled with ULP-WGS
and Rhabdo-Seq. ULP-WGS detected segmental CNAs in 25
of 35 tumors (71%; Fig 2A). There was sufficient sequencing
library remaining for Rhabdo-Seq from 30 tumors, which
detected a PAX/FOXO1 translocation in 28 samples (93%;
Fig 2B). All translocations had a unique patient-specific ge-
nomic breakpoint (Data Supplement).10 Two samples did not
have a detectable translocation despite adequate sequencing
coverage and evidence of tumor content by ULP-WGS,
making translocation detection impossible in liquid biopsies.

We next profiled cell-free DNA with ULP-WGS and Rhabdo-
Seq from 49 FP-RMS serum samples. We detected ctDNA
with ULP-WGS in eight (16%) samples (Fig 2C) and with
Rhabdo-Seq in 27 (55%; Fig 2D). The translocation break-
point was identical in all patient-matched tumor and serum
samples. In total, we identified ctDNA in 28 (57%) FP-RMS
cases (Fig 2E). Rhabdo-Seq (with a lower LOD) identified a
translocation in all cases where ctDNA was detectable by
ULP-WGS, except where no rearrangement was found in the
tumor. ULP-WGS detected the presence of ctDNA only in
cases where ctDNA was estimated to be 3% or greater by
Rhabdo-Seq and for which the tumor sample demonstrated
CNAs (Fig 2F). ctDNA detection by Rhabdo-Seq was asso-
ciated with the disease group and local T2 disease (Table 3).

Serum samples for these studies were collected before
the development of optimized liquid biopsy collection
procedures. Evidence of cellular DNA contamination was
found in 22 of 49 FP-RMS serum samples (Data Supple-
ment), preventing accurate estimation of ctDNA content.
However, in two cases (PASFIN and PARITH), the ctDNA
content was estimated to be . 100%, which is impossible.
Trans-Seq analysis of these samples yielded the same results

FIG 1. (Continued). identification with Rhabdo-Seq. (E) In total, 31% of patients had detectable ctDNA using a combination of ULP-WGS for
CNA detection and Rhabdo-Seq panel for SNV detection. (F) Plotted are the percent ctDNA values for FN-RMS samples with detectable ctDNA
by ULP-WGS (blue circles) and by Rhabdo-Seq (red circles). ctDNA content estimates are similar in cases where ctDNA is detected by both
methods. However, the lack of SNVs in some cases results in ctDNA being unmeasurable by Rhabdo-Seq. In other cases, the lower limit of
detection in Rhabdo-Seq allows for identification of very low content of ctDNA in some samples. (G) The plot depicts SNVs in genes (y-axis)
targeted by the Rhabdo-Seq panel in patients with FN-RMS (x-axis) who have at least one variant found in either a tumor or serum sample. Open
black circles represent variants found in the tumor, and solid red circles represent variants in serum. Circle size reflects allelic fraction of the identified
variant. The histogram on top depicts ctDNA levels in serum samples from the patient (indicated on the x-axis) by ULP-WGS (gray squares) or SNV
allelic fraction (red bar). When there are two SNVs, only the highest allelic fraction is represented by the red bar. The histogram is partitioned into three
sections to help visualize values in cases with very low content of ctDNA. The histogram to the right represents the number of variants identified in the
cohort. aGenes in bold indicate that a case had evidence of two mutations in that gene (FGFR4 in PASSBH, PIK3CA in PARLFB, and IGF1R in
PAUSDR). bPatient IDs that are in bold indicate cases without available tumor data. cPatient IDs indicate caseswithout available germlineDNA. The five
cases with SNVs detected in the serum and not the tumor (PANEPE, PAUPKX, PANDKS, PATYWU, and PATZHV) were analyzed with a patient-
matched normal DNA sample. AF, allelic fraction; CNA, copy number alteration; ctDNA, circulating tumor DNA; FN-RMS, fusion-negative rhab-
domyosarcoma; SNV, single-nucleotide variant; ULP-WGS, ultralow passage whole-genome sequencing.

TABLE 2. Fusion-Negative Rhabdomyosarcoma Clinical Data According to ctDNA
Detection

Characteristic (n 5 75)
ctDNA Detected,

No. (%)

ctDNA Not
Detected,
No. (%) P

Sex

Male 8 (61.5) 38 (61.3)

Female 5 (38.5) 24 (38.7)

Age, years .370

, 1 2 (15.4) 3 (4.8)

1-9 9 (69.2) 44 (71.0)

101 2 (15.4) 15 (24.2)

Stage .010

2 0 (0.0) 23 (37.1)

3 12 (92.3) 38 (61.3)

4a 1 (7.7) 1 (1.6)

Site .440

Bladder/prostate 1 (7.7) 13 (21.0)

Nonbladder/prostate 12 (92.3) 49 (79.0)

Size of primary tumor, cm .003

# 5 0 (0.0) 26 (41.9)

. 5 13 (100.0) 36 (58.1)

T-stage .060

T1 2 (15.4) 29 (46.8)

T2 11 (84.6) 33 (53.2)

Regional nodal status .270

N0 12 (92.3) 54 (87.1)

N1 0 (0.0) 7 (11.3)

Unknown 1 (7.7) 1 (1.6)

Abbreviation: ctDNA, circulating tumor DNA.
aStage 4 embryonal RMS in patients 10 years old or younger was considered

intermediate-risk rhabdomyosarcoma, on the D9803 clinical trial.
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(Data Supplement).10 Both cases involved PAX7/FOXO1
translocations, known to be amplified in RMS.16,17 ULP-WGS
data from PAX7/FOXO1 cases in our cohort demonstrated
copy gains in both PAX7 and FOXO1 loci (Fig 2G), accounting
for the overestimate of ctDNA content. For case PASFIN, the
ctDNA content was recalculated to 14.5% when adjusting for
the measured amplification from tumor data (tumor data from
PARITH were not available). For another PAX7/FOXO1 case,
PATGUL, ctDNA content estimates were adjusted from 0.7%
to 0.1%. No other cases with PAX7/FOXO1 translocations had
detectable ctDNA.

ctDNA Detection Before Therapy Is Prognostic in IR RMS

Previous studies in pediatric and adult sarcomas have shown
that detection of ctDNA, before the start of therapy, is as-
sociated with a worse outcome.18 In IR RMS, we found that
detection of ctDNA (using ULP-WGS for FN-RMS and
translocation for FP-RMS) was associated with a significantly
lower 5-year EFS (35.9%; 95% CI, 21.4 to 50.7) and overall
survival (OS, 37.3%; 95% CI, 22.3 to 52.3) compared with
patients without detectable ctDNA by ULP-WGS (EFS,
69.3%; 95% CI, 58 to 78.1%; P 5 .0001; OS, 81.2%;
95% CI, 70.7 to 88.2; P 5 .0001; Figs 3A and 3B).
MYOD1L122R mutations are associated with extremely poor
outcomes in FN-RMS, and patients found to have these
mutations are receiving intensified therapy on the current
COG ARST2032 trial.14 We expected this mutation to be a
stronger biomarker of outcome than detection of ctDNA. In
fact, although the three patients found to have MYOD1L122R

mutations did not have detectable levels of ctDNA by
ULP-WGS, outcomes were significantly worse than for the
rest of the patients with FN-RMS (Data Supplement). After
excluding these three cases a priori, detection of pretreat-
ment ctDNA was associated with a 5-year EFS of 35.9%
(95% CI, 21.4 to 50.7) compared with 83.2% (95% CI, 72.8
to 89.9) for patients without detectable ctDNA (P 5 .0001)
and a 5-year OS of 33.3% (95% CI, 10.3 to 58.8) compared
with 86% (95% CI, 73.9 to 2.7; P5 .0001; Figs 3C and 3D).
Univariable analysis also showed that local T2 disease (in-
vasion) was associated with outcome, although with a
smaller hazard ratio (HR) than ctDNA (Data Supplement).
Multivariable analysis of the whole cohort, including patients
with a MYOD1L122R mutation, showed that ctDNA was sig-
nificantly associated with EFS (HR, 2.8; 95% CI, 1.6 to 5.1;
P5 .0005) and OS (HR, 3.9; 95% CI, 2.1 to 7.5; P, .0001)
as was local T2 disease (EFS HR, 2.0; 95% CI, 1.1 to 3.8;
P 5 .02; OS HR, 2.5; 95% CI, 1.2 to 5; P 5 .01) and
MYOD1L122R mutation (EFS HR, 9.2; 95% CI, 2.6 to 32.3;
P5 .0005; OS HR, 5.2; 95% CI, 1.1 to 23.5; P5 .03). These
associations were confirmed using additional methods for
multivariable modeling (Data Supplement).

To exclude the possibility that differences in the LOD be-
tween ULP-WGS and Rhabdo-Seq contributed to our
findings, we studied the association between ctDNA de-
tection and outcome using each method. When using only
ULP-WGS, detection of ctDNA was associated with a sig-
nificantly lower 5-year EFS (35.1%; 95% CI, 15.7 to 55.3)
and OS (34.3%; 95% CI, 14.9 to 54.8) compared with
patients without detectable ctDNA (EFS, 69.5%; 95% CI,
57.7 to 78.6; P5 .0007; OS, 79.8%; 95% CI, 68.7 to 87.3;
P 5 .0001; Data Supplement). Using only Rhabdo-Seq,
detection of ctDNAwas again associated with a significantly
lower 5-year EFS (38.7%; 95% CI, 24.5 to 52.6) and OS
(45.1%; 95% CI, 29.6 to 59.4) than for patients without
detectable ctDNA (EFS, 71.0%; 95% CI, 55.4 to 82.0;
P 5 .001; OS, 71%; 95% CI, 55.4 to 82; P 5 .001; Data
Supplement).

TABLE 3. Fusion-Positive Rhabdomyosarcoma Clinical Data According to ctDNA
Detection

Characteristic (n 5 47a)
ctDNA Detected,

No. (%)

ctDNA Not
Detected,
No. (%) P

Sex

Male 16 (59.3) 8 (40)

Female 11 (40.7) 12 (60)

Age, years .130

, 1 1 (3.7) 3 (15)

1-9 7 (25.9) 8 (40)

101 19 (70.4) 9 (45)

Stage .190

1 2 (7.4) 5 (25)

2 5 (18.5) 4 (20)

3 20 (74.1) 11 (55)

Group .008

I 0 (0.0) 2 (10)

II 1 (3.7) 6 (30)

III 26 (96.3) 12 (60)

Size of primary tumor, cm .140

# 5 12 (44.4) 14 (70)

. 5 15 (55.6) 6 (30)

T-stage .037

T1 11 (40.7) 15 (75)

T2 16 (59.3) 5 (25)

Regional nodal status .550

N0 16 (59.3) 14 (70)

N1 11 (40.7) 6 (30)

FOXO1 partner .310

PAX3 23 (85.2) 13 (65)

PAX7 3 (11.1) 4 (20)

Unknown 1 (3.7) 3 (15)

NOTE. FOXO1 fusion partner data in this table are based on clinic annotations.
Abbreviation: ctDNA, circulating tumor DNA.
aTwo fusion-positive patients had no fusion identified in the tumor despite

sufficient material for sequencing and adequate coverage and were excluded from
this table.
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We also examined the association between ctDNA and out-
come for each of the genomic subtypes of RMS. For FN-RMS,
we used ULP-WGS to detect ctDNA (Rhabdo-Seq analysis

would be limited to only cases with an SNV in the tumor).
Detection of ctDNA was associated with a worse EFS and OS
for FN-RMS (Data Supplement). After excluding patients with
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FIG 3. (A) EFS and (B) OS by ctDNA detection status, by ULP-WGS for FN-RMS, and translocation detection for
FP-RMS of the entire cohort. (C) EFS and (D) OS by ctDNA detection status, determined by ULP-WGS for FN-RMS
and translocation detection for FP-RMS, of the entire cohort excluding cases with MYOD1L122R mutations. (E) EFS
and (F) OS by ctDNA status, determined by ULP-WGS, in patients with FN-RMS after excluding cases with
MYOD1L122R mutations. (G) EFS and (H) OS by ctDNA status, determined by translocation detection, in patients
with FP-RMS. P value from the log-rank test. ctDNA, circulating tumor DNA; EFS, event-free survival; FN-RMS,
fusion-negative rhabdomyosarcoma; FP-RMS, fusion-positive rhabdomyosarcoma; OS, overall survival; RMS,
rhabdomyosarcoma; ULP-WGS, ultralow passage whole-genome sequencing. (continued on following page)
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MYOD1L122R mutations, detection of ctDNA was associated
with a 5-year EFS of 33.3% (95% CI, 10.3 to 58.8) compared
with 72.4% (95% CI, 59 to 82.1) for patients without de-
tectable ctDNA (P5 .0005) and a 5-year OS of 33.3% (95%
CI, 10.3 to 58.8) compared with 86% (95% CI, 73.9 to 92.7),
respectively (P, .0001; Figs 3E and 3F). Univariable analysis
showed that local T2 disease was also associated with out-
come (Data Supplement). Stepwise multivariable analysis,
including patients with MYOD1L122R, showed that ctDNA was
significantly associated with EFS (HR, 4; 95% CI, 1.7 to 9.4;
P5 .0016) andOS (HR, 6.5; 95%CI, 2.5 to 16.6; P, .0001)
as was MYOD1L122R (EFS HR, 14.2; 95% CI, 4.0 to 51.3;
P , .0001; OS HR, 9.3; 95% CI, 2.0 to 44.4; P 5 .005).
This was confirmed by additional multivariable models
(Data Supplement). Although limited to a subset of cases in
FN-RMS (n5 41), ctDNA detection by Rhabdo-Seq was also
associated with a worse EFS and OS (with a 5-year EFS of
33.5% [95% CI, 12.2 to 56.6]) compared with 75.8%
(95% CI, 53.8 to 88.3) for patients without detectable ctDNA
(P 5 .0018) and a 5-year OS of 49.1% (95% CI, 21.4 to 72)
compared with 83.6% (95% CI, 62.4 to 93.6), respectively
(P 5 .0086; Data Supplement).

In FP-RMS, ctDNA detection by translocation (applicable to
the largest portion of cases) had a 5-year EFS of 37% (95%
CI, 19.6 to 54.6) compared with 70% (95% CI, 45.1 to 85.3)
for patients without detectable ctDNA (P 5 .045) and a 5-
year OS of 39.2% (95%CI, 21 to 57) and 75% (95%CI, 50 to
88.7), respectively (P 5 .023; Figs 3G and 3H). Univariable
analysis also showed that T2 was associated with outcome
(Data Supplement). Stepwise multivariable analysis showed
that ctDNA was significantly associated with EFS (HR, 2.5;
95% CI, 1 to 6.4; P 5 .05) and OS (HR, 3.1; 95% CI, 1.1 to
8.4; P5 .03), whereas other multivariable models, including
the full model with all variables, showed that T2 stage was
associated with outcome (Data Supplement). Finally, in the
small cohort of FP-RMS confirmed to have CNAs in their
tumors (n 5 25), ctDNA detection by ULP-WGS was not
significantly associated with outcome (Data Supplement).

DISCUSSION

Themainstay of therapy for RMS in North America includes
chemotherapy cycles of vincristine, dactinomycin, and
cyclophosphamide, often alternating with cycles of vin-
cristine and irinotecan.15 Local control includes surgery,
radiation, or both. Patients with low-risk RMS do well with
less intense chemotherapy, whereas few patients with high-
risk disease are cured.19-21 Patients with IR RMS are de-
fined by a combination of biologic and clinical features, but
as many as 25%-50% will relapse and die.15,22 More
precise risk stratification for patients with IR RMS could
better identify patients who will be cured with vincristine,
dactinomycin, and cyclophosphamide/vincristine and iri-
notecan and those who will not but could be made eligible
for high-risk trials.

Studies in other pediatric sarcomas demonstrate that de-
tection of pretreatment ctDNA is associated with a worse
outcome.18,23 In this study, we hypothesized that detection
of ctDNA in patients with IR RMS would be associated with
a worse outcome and therefore useful for further risk
stratification. However, identification of ctDNA requires the
detection of somatic variants that define the patient’s
cancer, differentiating ctDNA from cell-free DNA originat-
ing from normal cells.4 FP-RMS and FN-RMS are defined
by distinct classes of somatic variants.2 FP-RMS is defined
by a PAX/FOXO1 fusion and less frequent CNAs. FN-RMS
is defined by aneuploidy in nearly every tumor, and SNVs in
a small number of genes in 60% of cases.2,17 To identify
ctDNA in the serum of patients with both genetic subtypes,
we applied ULP-WGS that identifies aneuploidy in cell-free
DNA and Rhabdo-Seq, designed to detect PAX/FOXO1,
VGLL2/CITED2, VGLL2/NCOA2, and other translocations
and SNVs in 22 RMS-relevant genes.

ULP-WGS analysis was applicable for ctDNA analysis in
all cases of FN-RMS, classifying ctDNA as detectable in
17%. Although Rhabdo-Seq was unsuitable for ctDNA
analysis in 30% of FN-RMS cases, this assay provided
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additional information, including the detection of prognostic
MYOD1L122R variants and SNVs in potentially targetable
genes such as FGFR4 and the RAS pathway.14,24-27 In
FP-RMS, identification of PAX/FOXO1 rearrangements
was applicable for the majority of cases and detected ctDNA
in 55%. Although ULP-WGS was unsuitable for ctDNA
detection in 29% of copy-neutral FP-RMS cases, this
assay identified PAX7/FOXO1 amplifications (allowing for
correction of ctDNA content estimates) and prognostic
CNAs such as MYCN and CDK4.14

The detection of ctDNA before the start of therapy in RMS
was associated with aggressive disease features such as
tumor size, stage, and invasiveness, which may reflect
mechanisms of ctDNA shed. Detection of ctDNA was
also associated with a worse outcome in IR RMS with an
estimated 5-year EFS and OS consistent with high-risk
RMS.28,29 Multivariable analyses, using a model that
includes all clinical variables, demonstrated that ctDNA
is an independent prognostic biomarker of outcome in
the full IR RMS cohort and the FN-RMS group but was
not independently prognostic in the smaller FP-RMS
cohort. Local disease invasion (local T2 disease) and
MYOD1L122R were also associated with outcome in
multivariable analyses. Although these results indicate
that ctDNA analysis is a new prognostic factor in IR RMS,
they also indicate that more sophisticated risk stratifi-
cation approaches, such as those using recursive par-
titioning, may be able to best refine prognosis by
integrating ctDNA detection, clinical features, and spe-
cific genomic events.

Our study has some limitations. The use of serum samples,
banked before the development of ctDNA-specific blood

collection protocols, prevented ctDNA quantification and
might have decreased the proportion of positive samples.
Another limitation was that serial samples were not avail-
able. Numerous studies now demonstrate the prognostic
value of tracking changes in ctDNA levels over
time.7,8,10,18,30-34 One recent report in Ewing sarcoma, an-
other translocation-driven sarcoma, demonstrated that
detectable levels of ctDNA present after two cycles of
therapy were associated with relapse.35 Future studies will
be needed to determine whether changes in ctDNA during
therapy are prognostic in RMS or whether measurements of
ctDNA after completion of initial chemotherapy could help
guide the use and duration of maintenance therapy.36,37

Furthermore, additional studies of FP-RMS are warranted
to demonstrate the prognostic value of ctDNA in multi-
variable analyses compared with clinical factors. Finally,
this was a retrospective study and patients were not treated
as uniformly as they would be on a prospective clinical trial.

Future efforts, such as the ongoing study of ctDNA in
patients enrolled on the COG ARST1431 trial for IR RMS,
will be needed to build a comprehensive prognostic score
that includes ctDNA together with other prognostic vari-
ables. We plan to apply both NGS approaches presented
in this study, which will allow for subtype-specific de-
tection of ctDNA and detection of additional clinically
relevant CNAs and SNVs.

In summary, the findings presented here strongly suggest
that ctDNA will be an important tool for future prognosti-
cation and risk-stratified treatment strategies in RMS.
Collection of high-quality pretreatment, serial on-treatment,
and surveillance liquid biopsy samples on large prospective
trials will be needed to refine these results.

AFFILIATIONS
1Dana-Farber/Boston Children’s Cancer and Blood Disorders Center,
Boston, MA
2Children and Adolescent Oncology Department, INSERM U1015, Paris-
Saclay University, Villejuif, France
3Broad Institute of Harvard and MIT, Cambridge, MA
4QuadW-COG Childhood Sarcoma Biostatistics and Annotation Office,
Children’s Oncology Group, Monrovia, CA
5Department of Population and Public Health Sciences, Keck School of
Medicine of the University of Southern California, Los Angeles, CA
6Genetics Branch, Oncogenomics Section, Center for Cancer Research,
National Institutes of Health, Bethesda, MD
7Pediatric Oncology Branch, Center for Cancer Research, National
Institutes of Health, Bethesda, MD
8Division of Hematology/Oncology, Texas Children’s Cancer Center,
Baylor College of Medicine, Houston, TX
9Hematology/Oncology, Seattle Children’s Hospital, Seattle, WA

CORRESPONDING AUTHOR
Brian D. Crompton, MD, Dana-Farber/Boston Children’s Cancer and
Blood Disorders Center, 450 Brookline Ave, Boston, MA 02215;
Twitter: @bdcrompton; e-mail: briand_crompton@dfci.harvard.edu.

DISCLAIMER
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

EQUAL CONTRIBUTION
S.A. and K.K. equally participated to this work.

PRIOR PRESENTATION
Presented in part at the The Connective Tissue Oncology Societymeeting,
Rome, Italy, November 14-17, 2018, and American Association for
Cancer Research Advances in Liquid Biopsies, Miami, FL, January 13-
16, 2020.

SUPPORT
Supported by a Children’s Oncology Group Translational Pilot Studies
Program for Solid Malignancies (B.D.C.), Hyundai Hope on Wheels
(B.D.C.), the QuadW Foundation (B.D.C.), and Nuovo-Soldati Foundation
for Cancer Research (S.A.). The project was also supported by the COG
Chair’s Grant (U10CA098543), the NCTN Network Group Operations
Center Grant (U10CA180886; D.S.H.), the Statistics & Data Center Grant
(U10CA098413), the NCTN Statistics & Data Center (U10CA180899),
Human Specimen Banking in NCI-Sponsored Clinical Trials

Journal of Clinical Oncology 2391

ctDNA Is Prognostic in Intermediate-Risk Rhabdomyosarcoma

mailto:briand_crompton@dfci.harvard.edu


(U24CA114766), Human Specimen Banking in NCI-Sponsored Clinical
Trials (1U24-CA196173), and St Baldrick’s Foundation (D.S.H.).

DATA SHARING STATEMENT
Sequencing data are available through dbGAP Accession
phs002866.v1.p1.

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS OF
INTEREST
Disclosures provided by the authors are available with this article at DOI
https://doi.org/10.1200/JCO.22.00409.

AUTHOR CONTRIBUTIONS
Conception and design: Samuel Abbou, Kelly Klega, Jack F. Shern,
Brian D. Crompton
Financial support: Brian D. Crompton
Administrative support: Samuel Pollock, Jack F. Shern
Provision of study materials or patients: Jack F. Shern
Collection and assembly of data: Samuel Abbou, Kelly Klega, David Hall,
Carrie Cibulskis, Aaron R. Thorner, Samuel Pollock, Brian D. Crompton
Data analysis and interpretation: Samuel Abbou, Kelly Klega, Junko Tsuji,
Mohammad Tanhaemami, David Hall, Donald A. Barkauskas, Mark D.

Krailo, Carrie Cibulskis, Anwesha Nag, Alma Imamovic-Tuco, Steven G.
DuBois, Rajkumar Venkatramani, Douglas S. Hawkins, Brian D. Crompton
Manuscript writing: All authors
Final approval of manuscript: All authors
Accountable for all aspects of the work: All authors

ACKNOWLEDGMENT
The authors thank the Children’s Oncology Group (COG) protocol
coordinators, research coordinators, Clinical Research Assistants, and
other health professionals who contributed to acquiring samples used in
this study. The authors would like to thank the extended D9803 and
ARST0531 teams who supported the clinical trial and biobanking data
and samples used in this study. Finally, we are very grateful to the
patients and their families for consenting to sample deposition through
D9902.

REFERENCES
1. US Department of Health andHuman Services; National Cancer Institute: Cancer Incidence and Survival Among Children and Adolescents: United States SEER

Program 1975-1995. 1999. http://www.crossref.org/deleted_DOI.html

2. Shern JF, Chen L, Chmielecki J, et al: Comprehensive genomic analysis of rhabdomyosarcoma reveals a landscape of alterations affecting a common genetic
axis in fusion-positive and fusion-negative tumors. Cancer Discov 4:216-231, 2014

3. Arndt CAS, Stoner JA, Hawkins DS, et al: Vincristine, actinomycin, and cyclophosphamide compared with vincristine, actinomycin, and cyclophosphamide
alternating with vincristine, topotecan, and cyclophosphamide for intermediate-risk rhabdomyosarcoma: Children’s Oncology Group Study D9803. J Clin Oncol
27:5182-5188, 2009

4. Abbou SD, Shulman DS, DuBois SG, et al: Assessment of circulating tumor DNA in pediatric solid tumors: The promise of liquid biopsies. Pediatr Blood Cancer
66:e27595, 2019

5. Cescon DW, Bratman SV, Chan SM, et al: Circulating tumor DNA and liquid biopsy in oncology. Nat Cancer 1:276-290, 2020

6. Alix-Panabières C, Pantel K: Liquid biopsy: From discovery to clinical application. Cancer Discov 11:858-873, 2021

7. Oxnard GR, Thress KS, Alden RS, et al: Association between plasma genotyping and outcomes of treatment with osimertinib (AZD9291) in advanced non-small-
cell lung cancer. J Clin Oncol 34:3375-3382, 2016

8. Chabon JJ, Simmons AD, Lovejoy AF, et al: Circulating tumour DNA profiling reveals heterogeneity of EGFR inhibitor resistance mechanisms in lung cancer
patients. Nat Commun 7:11815, 2016

9. Kurtz DM, Scherer F, Jin MC, et al: Circulating tumor DNA measurements as early outcome predictors in diffuse large B-cell lymphoma. J Clin Oncol 36:
2845-2853, 2018

10. Klega K, Imamovic-Tuco A, Ha G, et al: Detection of somatic structural variants enables quantification and characterization of circulating tumor DNA in children
with solid tumors. JCO Precis Oncol 10.1200/PO.17.00285

11. Mc Connell L, Gazdova J, Beck K, et al: Detection of structural variants in circulating cell-free DNA from sarcoma patients using next generation sequencing.
Cancers (Basel) 12:E3627, 2020
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