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ABSTRACT
◥

Purpose: Survival of children with rhabdomyosarcoma that
suffer from recurrent or progressive disease is poor. Identifying
these patients upfront remains challenging, indicating a need for
improvement of risk stratification. Detection of tumor-derived
mRNA in bone marrow (BM) and peripheral blood (PB) using
reverse-transcriptase qPCR (RT-qPCR) is a more sensitive method
to detect disseminated disease. We identified a panel of genes to
optimize risk stratification by RT-qPCR.

Experimental Design:Candidate genes were selected using gene
expression data from rhabdomyosarcoma and healthy hematologic
tissues, and a multiplexed RT-qPCR was developed. Significance of
molecular disease was determined in a cohort of 99 Dutch patients
with rhabdomyosarcoma (72 localized and 27metastasized) treated
according to the European pediatric Soft tissue sarcoma Study
Group (EpSSG) RMS2005 protocol.

Results: We identified the following 11 rhabdomyosarcoma
markers: ZIC1, ACTC1, MEGF10, PDLIM3, SNAI2, CDH11,

TMEM47, MYOD1, MYOG, and PAX3/7-FOXO1. RT-qPCR was
performed for this 11-marker panel on BM and PB samples from
the patient cohort. Five-year event-free survival (EFS) was 35.5%
[95% confidence interval (CI), 17.5%–53.5%] for the 33/99 RNA-
positive patients, versus 88.0% (95% CI, 78.9%–97.2%) for the 66/
99 RNA-negative patients (P < 0.0001). Five-year overall survival
(OS) was 54.8% (95% CI, 36.2%–73.4%) and 93.7% (95% CI,
86.6%–100.0%), respectively (P < 0.0001). RNA panel positivity
was negatively associated with EFS (Hazard Ratio¼ 9.52; 95% CI,
3.23–28.02), whereas the RMS2005 risk group stratification was
not, in the multivariate Cox regression model.

Conclusions: This study shows a strong association between
PCR-based detection of disseminated disease at diagnosis with
clinical outcome in pediatric patients with rhabdomyosarcoma,
also compared with conventional risk stratification. This warrants
further validation in prospective trials as additional technique for
risk stratification.

Introduction
Each year, more than 200 children in Europe are diagnosed with

rhabdomyosarcoma (1). In the Netherlands, patients are stratified into
risk groups and treated according to the European pediatric Soft tissue
sarcoma Study Group (EpSSG) RMS2005 protocol with increasing
therapy intensities per risk group. Risk stratification depends on
several patient- and tumor-dependent factors, such as age, pathology,
postsurgical stage (IRS group), nodal stage, tumor size, and loca-
tion (2). Presence of metastases is a crucial prognostic factor. Patients
with localized disease have a 5-year overall survival (OS) of 75%, and

below 40% in patients who present with metastatic disease (3–5). At
diagnosis, 84%of patients have localized disease (6). Still, 1 in 3 of these
patients will suffer relapse (2, 7, 8).

Metastases are detected by imaging and bone marrow (BM) IHC
and cytomorphology (9). BMmetastases are present in 6% of patients
at diagnosis (10), and 3-year event-free survival (EFS) is poorer for
these patients than for patients with metastatic disease not involving
the BM (3-year EFS 14% vs. 34%, respectively; ref. 5).

Twomain histologic subtypes are described in rhabdomyosarcoma:
the embryonal (most common) and the alveolar subtype. In 70% to
80% of alveolar rhabdomyosarcoma, a typical fusion gene exists
between the PAX3 or PAX7 and FOXO1 locus and its presence is
associated with worse prognosis (11–13). Apart from this transloca-
tion, the genetic landscape of rhabdomyosarcoma is heterogeneous.
There is a scarcity of recurrent mutations, but various copy number
variations and epigenetic modifications are prevalent (14–16). It is
possible to detect tumor-derived cell-free DNA in plasma using
targeted or whole-genome sequencing techniques (17–19). However,
these approaches often require knowledge on aberrations present in a
specific patient and sophisticated equipment and data analysis pipe-
lines. Consequently, we chose to focus on tumor cell–specific mRNA
transcripts to detect circulating tumor cells, aiming to devise a method
to cover the entire spectrum of rhabdomyosarcoma. Reverse-
transcriptase qPCR (RT-qPCR) represents a cost-efficient and more
sensitive approach than IHC,with detection of up to one positive cell in
1,000,000 nontumor cells (20).MYOD1, MYOG, and PAX3/7-FOXO1
fusion genes are known rhabdomyosarcoma markers and the feasi-
bility to detect them with RT-qPCR in peripheral blood (PB) and BM
has been shown (21–23). Several studies from smaller cohorts report
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that the presence of these markers in liquid biopsies at diagnosis and
during follow-up might correlate with a poor prognosis (22–24). As
MYOD1 and MYOG are heterogeneously expressed in rhabdomyo-
sarcoma, with MYOG predominant in the alveolar subtype (25), and
the PAX3/7-FOXO1 fusion gene occurring solely in alveolar rhabdo-
myosarcomas (11, 13, 21), we sought additional rhabdomyosarcoma-
specific mRNA markers.

We aimed to design an RNA panel with the potential to detect all
pediatric rhabdomyosarcoma subtypes, and to evaluate whether min-
imal disseminated disease detection in liquid biopsies can improve risk
stratification at diagnosis and response evaluation during treatment
and follow-up in these pediatric patients with rhabdomyosarcoma.

Materials and Methods
Patients and samples

We included samples from all consecutive Dutch pediatric patients
with rhabdomyosarcoma, enrolled in the EpSSG RMS2005 trial
(EudraCT number 2005–000217–35) and treated at the Sophia
Children’s Hospital, Emma Children’s Hospital, and the Princess
M�axima Center for Pediatric Oncology; samples were collected
between 2006 and 2019. Patients included in the trial until 2017 gave
informed consent for sample use in the EpSSGRMS2005 add-on study,
minimal disseminated disease monitoring in children with rhabdo-
myosarcoma (MDD study). Samples from patients recruited between
2017 and July 2019 were included if consent was given for biobanking
of stored sample residues following routine clinical testing. RNA from
10 primary rhabdomyosarcomas from patients included in this study
and from nine established rhabdomyosarcoma cell lines (RH30, RD,
RMS-YM, RUCH2, RUCH3, RH18, RH41, TE617T, HS729T) for
assay validation was kindly provided by the Human Genetics depart-
ment at the Amsterdam UMC location AMC and cDNA was gener-
ated. As healthy controls, PB from 47 healthy volunteers and 41 BM
samples from children inmolecular remission for acute lymphoblastic
leukemia were used, as described previously (26, 27).

RNA extraction and reverse transcription
Up to 5 mL of PB and BM, collected in EDTA tubes (BD

Biosciences), were centrifuged at 1,375� g for 10 minutes to separate
the cellular fraction from the plasma. For PB, cells were isolated by
hemolysis (NH4Cl). BM was run through a Ficoll gradient (Ficoll
Paque; GE Healthcare) according to manufacturer’s protocol. Cells

were counted, aliquoted per 5 to 10 million cells in TRizol (Thermo
Fisher Scientific) and stored at �80�C. Isolation of total RNA was
performed using Direct-Zol DNA/RNA Miniprep (Zymo Research)
following the manufacturer’s protocol. For cDNA synthesis, High-
Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific) was used
according to manufacturer’s protocol.

Candidate gene selection
The Megasearch software in R2 (28) was used to search for

differentially expressed genes. Candidate genes with high expression
in rhabdomyosarcomas and low expression in healthy PB and BM
were selected, with at least six log difference in gene expression
(Supplementary Fig. S1). Affymetrix expression data on RMS tumors
from the Human Genome U133A (HG-U133A) microarray chip (n¼
162) and the Affymetrix Human Genome U133p2 (HG-U133p2)
microarray chip (n ¼ 9) were compared with expression data on
normal PB (n¼ 108) and BM samples (n¼ 5). The U133A contained
data of 66 aRMS, 66 eRMS (xtstriche), and 30 other RMS (xtschafwell).
It also contained data of 5 BM (xtnormal353) and 108 PB (perblood-
bev). The U133p2 chip contained data of 9 RMS (versteeg), 9 PB
controls (per blood), 12 PB from the general population (bloodasd56),
and 5 BM (xtnormal353). The initial search was performed in May
2007 and resulted in 250 genes. Expression of these genes was
compared with the HaemAtlas (29), and 62 genes were selected as
potential markers, which had low expression in healthy hematopoietic
tissues. These 62 candidate markers were then tested in SYBRGreen-
based RT-qPCR in the RD and RH30 rhabdomyosarcoma cell lines as
previously described (27), and healthy PB (n ¼ 3) and BM (n ¼ 3;
Supplementary Table S4). Next, 13 candidate markers were selected
with low/no expression in control PB and BM samples and high
expression in the rhabdomyosarcoma cell lines for further analysis
with RT-qPCRwith Taqman probes. After extensive testing on control
BM (n¼ 41) and control PB (n¼ 47), RMS tumors (n¼ 10), and RMS
cell lines (n ¼ 9), seven new genes on top of the established genes
(MYOD1, MYOG, PAX3-FOXO1, and PAX7-FOXO1) were selected
for testing of clinical samples using multiplex RT-qPCR with Taqman
probes; seven for PB and three for BM (Supplementary Fig. S1).

RT-qPCR
Samples were analyzed using multiplexed RT-qPCR with Taqman

probes. Primers and Taqman probes were ordered from Eurogentec
(Belgium). Probes were designed using Oligo 7 (Molecular Biology
Insights) and Primer Express 3.0.1 (Thermo Fisher Scientific). For
MYOD1 and MYOG, we initially used the sequences as published
previously and listed in the EpSSG RMS2005 MDD study (23, 30).
RT-qPCR was performed on a Viia7 Real-time PCR system using
TaqManMultiplexMasterMix (ThermoFisher Scientific) for 50 cycles
at 60�C. Primer concentration in the reaction was 300 nmol/L and
probe concentration 200 nmol/L. The gene Glucuronidase-b (GUSB)
was used as a reference gene and normalized against GUSB-plasmid
DNA (ipsogen;Qiagen) dilutions (31). All RT-qPCR experiments were
carried out at least in duplicate andmedian values were used. AnRH30
calibration curve was used as an exogenous positive control to
ascertain the efficiency of each PCR reaction, except for the PAX7-
FOXO1 assay for which a CW9019 calibration curve was used
(CW9019 cell line courtesy of Dr. F. Barr, NCI).

Sanger sequencing
Sanger sequencing was performed on products amplified by PCR.

Further processing and analysis as described previously, on BioEdit
software version 7.2.5 (32).

Translational Relevance

This study investigated the clinical relevance of molecular
detection of disseminated tumor cells in blood and bone marrow
at diagnosis and during treatment in 99 children with rhabdo-
myosarcoma treated according to the European pediatric Soft
tissue sarcoma Study Group (EpSSG) RMS2005 protocol. For
molecular detection of disseminated tumor cells in blood and bone
marrow, we developed a reverse transcriptase (RT)-qPCR–based,
11-marker RNA panel to detect tumor-derived RNA. RNA panel
positivity at diagnosis was of significant prognostic value in
children with rhabdomyosarcoma, regardless of the risk group.
In patients with metastatic as well as localized disease, RNA
positivity was associated with an increased risk of an event. These
data suggest that molecular detection of disseminated disease at
diagnosis could be of additional value to improve risk stratification.
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Determining a threshold for positivity in patient samples
For genes with expression in normal hematopoietic tissue, we

defined thresholds for positivity using the guidelines for minimal
residual disease detection in acute lymphatic leukemia, as defined by
the European StudyGroup (33) and as was described previously by our
group in neuroblastoma (27). In short, to correct for differences in
RNA input, the Ct value of a marker was normalized to reference gene
GUSB. Then, the median DCt marker expression in healthy tissue
(DCt ¼ Ct of marker – Ct of GUSB) was calculated and the threshold
for positivity was set 3 Ct above the median DCt (Supplementary
Fig. S2). A patient sample was scored as positive if the DCt of at least
one marker in the 11-marker panel was above its threshold.

Statistical analysis
EFS and OS from diagnosis were estimated using Kaplan–Meier’s

methodology; differences in survival outcomes were assessed with the
log-rank test. Association between PCR positivity and EFS/OS was
estimated using a multivariate Cox regression model with EpSSG risk
group stratification as a prognostic factor (34). To estimate the
cumulative incidence of relapse or progressive disease from diagnosis
for RNA panel positivity/negativity, a competing risks model with
death as competing event was employed (35). Gray’s test was used to

assess statistical significance difference between the cumulative inci-
dence for the RNA panel groups (36). All analyses for the competing
risk model were performed by using the mstate library (37) in the R
environment version 4.4 (38). The other statistical analyses were
performed in SPSS version 23 and figures were generated in Graphpad
Prism version 8.

Results
Assay redesign for MYOD1 detection in liquid biopsies

Initial testing detected high background expression using the
MYOD1 assay as previously developed by Sartori and colleagues (23)
in PB and BM samples from healthy donors (Fig. 1A). Using Sanger
sequencing (Supplementary File S1) of the amplicons and RT-qPCR
(Supplementary Table S2), we demonstrated that this assay also
detected unconverted RNA and genomic DNA. Consequently, we
redesigned the forward primer to exclude genomic DNA amplification
(Supplementary Table S3; new MYOD1 sequence; Supplementary
Table S1). The newly designed MYOD1 assay was shown to be
completely tumor specific with no background expression in BM and
PB from healthy donors (Fig. 1A) with similar sensitivity (Supple-
mentary Table S3).

Figure 1.

A, Background expression of known
markers in control BM and PB, rhab-
domyosarcoma (RMS) tumors, and
established cell lines. “MYOD1 old
design” and MYOG (BM n ¼ 41, PB
n ¼ 47, RMS tumors n ¼ 10), “MYOD1
new design” (BM n ¼ 26, PB n ¼ 26,
RMS cell lines n ¼ 10), PAX3-FOXO1
fusion gene (BM n ¼ 17, PB n ¼ 10,
RMS tumor n ¼ 10, RMS cell lines n ¼
10), and PAX7-FOXO1 (BM n ¼ 17, PB
n ¼ 10, RMS cell lines n ¼ 10). B,
Background expression of PDLIM3,
ACTC1, and ZIC1 in healthy control
BM (n ¼ 41), healthy control PB (n
¼ 47), RMS tumors (n¼ 10), and RMS
cell lines (n ¼ 10). MEGF10, SNAI2,
CHD11, and TMEM47 onlymeasured in
PB (n ¼ 47), RMS tumors (n ¼ 10),
and RMS cell lines (n ¼ 10).
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Developing the rhabdomyosarcoma-specific RNAmarker panel
for testing in liquid biopsies

Candidate markers were selected with high expression in rhabdo-
myosarcoma and low/no expression in normal PB/BM, as described in
the methods (Supplementary Figs. S1 and S3). This selection process
identified three new markers for testing in BM and PB (PDLIM3,
ACTC1, and ZIC1) in addition to the redesignedMYOD1 and known
markers,MYOG and fusions ofPAX3 orPAX7 geneswithFOXO1 (30).
Four new markers were selected for use in blood-based monitoring
(SNAI2, CDH11, TMEM47, MEGF10), because background of these
markers was high in BM [on SYBR green for SNAI2, CDH11, and
TMEM47 and in the Taqman assay for MEGF10 (shown in Supple-
mentary Table S4 and Fig. 1, respectively)].

Thresholds for positivity were set for all markers (Fig. 1), except for
MYOD1 and PAX3/7-FOXO1 fusions because these markers were
completely tumor specific. Mean Ct values of the 11 markers and the
reference gene in 10 primary tumors are shown in Supplementary
Table S5. To detect any occult alveolar subtype, because IHC of the
primary tumor can be inconclusive and fusion gene status was not
available for every patient, we also tested material from patients
diagnosed with an embryonal subtype for the PAX3/7-FOXO1 fusion
genes. Expression ofmost selectedmarker genes in tumor samples was
variable, justifying the use of the 11-marker panel to increase sensi-
tivity. We performed a sensitivity assay of RH30 cells (an established
rhabdomyosarcoma cell line) in healthy blood cells, which showed a
sensitivity of at least one tumor cell in 100,000 healthy blood cells
(Supplementary Table S6).

Prospective cohort description
After having established the thresholds for positivity for the marker

panel, we tested patient samples. We collected diagnostic BM and PB
samples of 99 consecutive patients at diagnosis and follow-up samples
from 25 patients (14 BM and 78 PB) treated according to the EpSSG
RMS2005 protocol. Median follow-up was 3.5 years (minimum 0.34 –
maximum 13.29 years). Patient age and the risk group assigned are
shown inTable 1 and Supplementary Table S7. Twenty-seven patients
had metastatic disease of which 10 had BM invasion determined by
conventional IHC. Twenty-eight patients had the alveolar subtype;
PAX3/7-FOXO1 fusion gene status was not recorded in this study.
Five-year EFS and OS was 69.7% [95% confidence interval (CI), 59.5–
79.9] and 79.9% (95% CI, 70.9–89.9), respectively.

Liquid biopsy–based 11-marker panel detection at diagnosis
correlates with clinical outcome

At diagnosis, in 33 of 99 (33.3%) patients molecular disease was
detected in PB and/or BM with our 11-marker panel. Primary tumor
material was available for 8 patients (Supplementary Table S5). In the
samples that tested positive in matched PB and/or BM at diagnosis,
most of the markers with a high expression in the primary tumor were
also scored as positive in PB and/or BM. Because of low numbers, no
statistical analysis was performed. For the 33 RNA-positive patients,
paired PB and BM samples were positive in 13 patients, only BM
samples were positive in 12 patients, and only PB sampleswere positive
in 8 patients (Supplementary Table S8).

The 5-year EFS was 35.5% (95% CI, 17.5%–53.5%) for the RNA-
positive patients, whereas this was 88.0% (95% CI, 78.9%–97.2%) for
66 RNA-negative patients (P < 0.001; Fig. 2A); the 5-year OS was
54.8% (95% CI, 36.2%–73.4%) and 93.7% (95% CI, 86.6%–100.0%),
respectively (P < 0.001; Fig. 2B). Patient subgroups defined by
molecular detection in BM, PB, and paired BM-PB all show poor EFS
and OS (Fig. 2C andD) compared with RNA panel–negative patients.

In conclusion, molecular detection of minimal disseminated disease is
correlated with outcome.

Liquid biopsy–based molecular detection at diagnosis
complements current risk stratification strategies

Our patient cohort included 10 patients with BM disease, deter-
mined by IHC and cytomorphology. In all 10 BM samples and 8 paired
PB samples, tumor-derived mRNA was detected (Fig. 2E). Tumor-
derived mRNA in PB/BM was furthermore detected in 23 additional
patients (Fig. 2E), among 14 with localized disease and 9 with
metastases detected in other sites than the BM (Fig. 2F). Eighteen of
the 33 patients testing positive in PB and/or BM had an alveolar
subtype. The numbers of patients with low-risk and very high-risk
(VHR) disease were too small to allow statistical analyses, so only the
larger risk groups [standard risk (SR), high risk (HR), and metastatic

Table 1. Patient and clinical characteristics with risk group
stratification according to the EpSSG RMS2005 trial.

Number of
patients

Age at diagnosis (years)
<1 1
1–10 64
>10 34

Sex
Female 38
Male 61

Histology
Alveolar rhabdomyosarcoma 28
Botryoid rhabdoyosarcoma 2
Embryonal rhabdomyosarcoma 67
Rhabdomyosarcoma not otherwise specified 1
Spindle cell/leiomyomatous rhabdomyosarcoma 1

Pathology
Favorable 71
Unfavorable 28

Postsurgical tumor staging (IRS grouping)
I 6
II 13
III 53
IV 27

Tumor size
≤5 cm 43
>5 cm 56

Regional lymph node involvement
No evidence of lymph node involvement 69
Evidence of regional lymph node involvement 29
No information about lymph node involvement 1

Risk group
Low risk 3
Standard risk 35
High risk 29
Very high risk 5
Metastatic 27

Site of origin of primary tumor
Orbit 17
Head/neck 6
Parameningeal 21
Bladder prostate 9
Genitourinary nonbladder prostate 13
Extremities 18
Other sites 15
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disease] according to the risk stratification used in EpSSG RMS2005,
were analyzed in relation to RNA panel positivity and survival. There
was an association between the risk groups and survival outcomes:
within each risk group, RNA panel–negative patients had better
outcome than RNA panel–positive patients (Fig. 3A–F).

Considering the entire cohort of 99 patients, 6 of 14 (42.9%) patients
with localized disease and RNA positivity suffered from relapse (3
localized relapses, 3 metastatic relapses) and 3 eventually died (2 after
relapse, 1 due to sepsis during primary treatment), compared with five
events in the 58 (8.6%) patients with localized disease without RNA-
panel positivity (Supplementary Fig. S4). Molecular disseminated
disease was detected in 19/27 (70.3%) patients diagnosed with met-
astatic disease in bone, BM, lung, and/or distant lymph nodes. Seven of
these 19 patients experienced relapse, 5 progressive disease, and 10
eventually died of disease. In contrast, 1 of 8 patients with metastatic

disease (6/8 pulmonary lesions and 8/8 distant lymph nodes) and
negative for our 11-marker panel, suffered from recurrent disease and
later died (Supplementary Fig. S4). The cumulative incidence of the
event of interest (relapse/progressive disease) for RNA panel positivity
is significantly different (P < 0.001; Fig. 4).

We evaluated the prognostic impact of liquid biopsy–based
molecular minimal disease detection at diagnosis on EFS and OS
in univariate and multivariate Cox regression models (respectively,
Supplementary Table S9 and Table 2) for the largest groups in this
cohort (SR, HR, and metastatic disease). Risk factors included in the
analysis, that all have prognostic value in univariate analysis, were
metastatic disease, positive BM IHC, age above 10 years, alveolar
subtype, tumor size, and regional lymph node involvement (Sup-
plementary Table S9). Other clinical characteristics like tumor site
and IRS group were not included in this analysis due to low number
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Figure 2.

RNApositivity (BMandPB) at diagnosis and clinical outcome (A) EFS and (B)OS for SR andRNApanel (C) EFS and (D)OS for patients stratified for PCR testing of BM
and PB at diagnosis: negative in PB and BM (PB and BM�), PB positive only (only PBþ), BM positive only (only BMþ), and positive in PB and BM (PB and BMþ). E,
Venn diagramdepicting number of patients that tested positivewith the RNApanel in PB, BM, and by conventional IHC in BM at diagnosis. F,Venn diagram depicting
patients that tested positive for PB and/or BM with the RNA panel and patients with metastatic disease, detected by conventional diagnostics at diagnosis.
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of patients and/or no events in the subgroups. RNA panel positivity
was a prognostic factor for EFS (Hazard Ratio¼ 9.52; 95% CI, 3.23–
28.02), whereas RMS2005 risk group stratification was not, in the
multivariate model (Table 2). RNA positivity was also associated
with EFS for the other risk factors in multivariate analyses. The low
number of events in the SR group in the 5-year follow-up prevented
estimation of the effect on OS in multivariate analysis. However in

multivariate analyses, the RNA panel was significantly associated
with OS, where conventional BM IHC and alveolar subtype was not
(Table 2).

CDH11 is an important novel marker
Molecular testing in liquid biopsies revealed differential impact

for certain markers, although the number of markers contributing

Figure 3.

RNA positivity at diagnosis and outcome for different risk groups, stratified according RMS2005. Outcome for different risk groups is given as treated (continuous
line) and stratified for RNApositivity (RNAþ) and RNAnegativity (RNA�) at diagnosis.A andB, EFS andOS, respectively, for SR group; please note that noP value is
reported since there is nomortality in the SR group. C andD, EFS andOS, respectively, for HR group. E and F, EFS andOS, respectively, for metastatic disease group.
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to the positive score in paired BM and PB samples did not
correlate with outcome (Supplementary Table S10). MYOD1,
PAX3/7-FOXO1, and MYOG were the markers most often con-
tributing to assay positivity in both PB and BM samples (Sup-
plementary Figs. S5 and S6). Interestingly, MYOG was also
positive in 3 out of the 15 patients with nonalveolar subtype
testing positive at diagnosis; all 3 suffered from an event. CDH11
contributed as single marker to positive scoring in diagnostic
blood samples from 6/21 patients (Supplementary Fig. S5); 5 of 6
were histologically diagnosed with an embryonal rhabdomyosar-
coma subtype. One of these 6 CHD11-positive patients died of
disease and 2 suffered relapses.

The 11-marker panel does not adequately detect minimal
residual disease following treatment

Weevaluated the potential of the 11-marker panel to detectminimal
residual disease in BM and PB samples collected during primary
therapy and 5-year follow-up. We tested 42 PB and 4 BM samples
from 20 patients during primary treatment (the first 24 weeks after
primary diagnosis within the EpSSG RMS2005 trial) and 9 BM and 35
PB samples collected for 20 patients during follow-up after treatment

(Supplementary Table S11). For the 19 patients who suffered from an
event (15 relapse, 4 progressive disease), blood samples were available
at first clinical relapse diagnosis from 10, and tested positive in only 3
patients. BMwas available for 5 patients and tested positive in 1 patient
(Supplementary Table S11). Although longitudinal blood sampling
was not complete for any of these patients, at least two samples were
collected for 16 patients during treatment and for 9 patients during
follow-up. However, blood samples from only 1 (RMS007) of these 25
patients tested positive for the 11-marker panel during therapy and
follow-up. This patient had a complex course with the blood samples at
diagnosis, after three chemotherapy cycles, and shortly before death
testing positive (Supplementary Table S11). The blood sample follow-
ing primary treatment was negative; three blood samples during
follow-up remained negative even after diagnosis of progressive
disease. When tested in a small patient cohort during therapy and
follow-up, our 11-marker panel only detected minimal residual
disease in a small proportion of patients who experienced an event,
even though it clearly identified patients with risk of an event when
tested at diagnosis.

Discussion
We present results of the largest prospective study to date

detecting minimal disseminated disease in liquid biopsies from
pediatric patients with rhabdomyosarcoma, treated according to
uniform guidelines. We identified and optimized new mRNA
markers for the sensitive detection of tumor-derived mRNA in PB
and BM samples and designed an 11-marker RT-qPCR panel assay.
The presence of minimal disseminated disease in liquid biopsies at
diagnosis correlates with poor outcome in our patient cohort,
supporting inclusion of this assay in future studies to further
improve risk stratification for children and adolescents diagnosed
with rhabdomyosarcoma.

Our 11-marker panel detected BM disease in all BM samples with
positive histology, and in addition in 15 BM IHC-negative samples
(from 8 patients with localized disease and 7 with metastatic disease
without known BM metastasis). Our data concur with findings from
Gallego and colleagues (22), who conducted a study in 16 patients (14
localized, 2 metastatic) with the PAX-FOXO1 fusion gene, MYOD1,

Figure 4.

Cumulative incidence for relapse for RNA-negative/positive patients, as defined
at diagnosis. Gray’s test was used to compute the P value.

Table 2. Hazard Ratios with 95% CI based on the Cox proportional hazard regression model for EFS and OS.

EFS OS
Hazard Ratio 95% CI Hazard Ratio 95% CI

RNA panel: PB and/or BM positive 9.52 3.23–28.02 Not possible due to low
number of events in
Standard Risk group

Standard Risk 1
High Risk 1.15 0.35–3.83
Metastatic disease 1.52 0.50–4.66
RNA panel: PB and/or BM positive 8.83 3.38–23.10 7.13 2.19–23.18
Positive BM immunohistochemistry 0.91 0.33–2.54 1.22 0.37–3.98
RNA panel: PB and/or BM positive 6.98 2.58–18.85 4.48 1.32–15.15
Metastatic disease 1.69 0.72–3.98 3.70 1.23–11.16
RNA panel: PB and/or BM positive 7.71 2.85–20.89 5.91 1.71–20.45
Alveolar rhabdomyosarcoma 1.29 0.55–3.02 1.66 0.57–4.85
RNA panel: PB and/or BM positive 8.22 3.25–20.78 6.21 2.00–19.28
Age > 10 years 2.07 0.93–4.61 5.65 1.92–16.59
RNA panel: PB and/or BM positive 7.80 2.89–21.01 4.27 1.23–14.87
Regional lymph node involvement 1.17 0.50–2.78 3.29 1.06–10.18
RNA panel: PB and/or BM positive 6.63 2.53–17.38 4.20 1.33–13.24
Tumor size >5 cm 2.33 0.83–6.54 9.57 1.21–75.84
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and acetylcholine receptor as targets for RT-qPCR in PB and BM
samples. In their study, all BM samples with positive histology were
positive with PCR as well, and six additional BM were only positive
with PCR. This points out that PCR-based detection of minimal
disseminated disease can help improve the diagnosis of BMmetastasis
because conventional diagnostics of BM metastasis can be inconclu-
sive. In our cohort, 2 of 8 patients diagnosed with localized disease and
molecular disease detected in BM suffered relapse (1 metastatic, 1
localized). An important question for a future validation study of the
RNA panel is whether patients diagnosed with occult BM disease
detected by PCR alone should be considered for upstaging of their
treatment protocol at initial diagnosis. This might spare them addi-
tional morbidity due to further treatment for relapse and more
importantly increase survival chance, because relapse is associated
with lower survival (7, 39, 40).

PCR-based detection of minimal disseminated disease in PB and/or
BM has been associated with poor outcome in several smaller
studies (22–24), consistent with the very poor patient outcome pre-
viously correlated with documented BM metastases (5, 10). We
observed a striking decline in OS for patients diagnosed with meta-
static disease by both conventional diagnostics and RNA positivity in
liquid biopsies. These suggest the existence of an RNA-positive
subgroup within the metastatic risk group with an ultrahigh-risk
profile, including patients with histologically documented BM metas-
tases and/or alveolar subtype, who could be considered for further
therapy intensification. RT-qPCR–based detection alone was not
associated with the type of relapse (localized vs. metastatic) in our
study. Because metastatic relapse is associated with worse survival (7),
this is an interesting question for a follow-up study.Overall, we observe
that patients for whom liquid biopsies test positive for the 11-marker
panel at diagnosis have a higher risk of suffering an event. This suggests
that the use of the RNA panel in addition to conventional strategies at
initial diagnosis could improve risk stratification, however this needs
to be further investigated in a larger cohort.Wemade an effort to avoid
selection bias, as we included all consecutive patients treated in the
participating centers, regardless of risk groups. However, this also
resulted in underrepresented subgroups (LR andVHR). A future study
in an independent cohort to evaluate whether the use of the RNApanel
improves current risk stratification for these risk groups and for
patients that would potentially benefit most from improving risk
stratification (patients with metastatic disease testing positive for the
11-marker panel) is crucial.

The 11-marker assay was positive in samples collected after start of
treatment for only a small number of patients in our cohort. This is in
contrast to data from earlier publications (22–24). Sartori and collea-
gues reported MYOD1 expression in BM samples collected after the
first therapy cycle in 5/10 patients (23). Gallego and colleagues and
Krskova and colleagues detected MYOD1 and PAX3/7-FOXO1 in
proportionately more blood and BM samples collected during treat-
ment and follow-up (22, 24). The use of the MYOD1 assay that also
detected genomic DNA complicates the comparison. Gallego and
colleagues confirmed the potential for false-positive results by describ-
ing discrete but positive expression ofMYOD1 in healthy PB (22). Our
redesigned MYOD1 assay eliminates false-positive detection from
DNA binding. Furthermore, in our study BM samples were important
for RNA positivity at diagnosis, but unfortunately only a low number
of BM samples after diagnosis was available. Comparison of our
cohort, consisting of patients treated completely according to the
EpSSG RMS2005 protocol, to these three older studies is further
complicated by the distinct treatment protocols patients were sub-
jected to more than a decade ago. The absence of circulating tumor

cells in patients from our cohort during treatment or even a change in
gene expression due to treatment-driven clonal evolution of the
disease (41–43) can be another explanation. Although we already
applied a panel of multiple markers, we cannot exclude that during
relapse our panel of markers is less sensitive in relapse samples than at
diagnosis. Analysis of RNA sequencing data from pretreated tumors
might offer further insight into gene expression during treatment.
Also, further investigation into the potential of DNA-based techniques
to detect minimal residual disease, which have shown great promise
in other solid tumors as well as rhabdomyosarcoma, should be
pursued (17–19, 44).

Most positively scored samples in our cohort detected the known
markers, MYOD1, PAX3/7-FOXO1 fusion, and MYOG. Because of
absence of background expression in healthy PB and BM, our rede-
signed MYOD1 is completely tumor specific, which presents a major
advantage compared with other markers. CDH11 was the only marker
in our panel that detected additional patients who suffered events later,
especially in embryonal rhabdomyosarcoma which is in agreement
with a report from 1999, which reports CDH11 as being specific for
fusion gene–negative rhabdomyosarcoma cells (45). The majority of
the patients with diagnostic liquid biopsies expressing CDH11 test
negative for all the other markers. This makes CDH11 an interesting
novel marker for detection of minimal disseminated disease in fusion
gene–negative tumors and further research should address its potential
as a prognostic marker.

Conclusion
Here we demonstrate that RT-qPCR–based detection of minimal

disseminated disease in blood and BM samples collected at diag-
nosis in pediatric patients with rhabdomyosarcoma is associated
with survival. We identify CDH11 as an important novel blood-
based marker for detection of minimal disseminated disease. The
redesigned MYOD1 assay supports highly sensitive rhabdomyosar-
coma detection in liquid biopsies. The association between molec-
ularly detected minimal disseminated disease at diagnosis and
outcome warrants further investigations into the added value of
this 11-marker panel at initial diagnosis on conventional diagnostic
strategies to improve risk stratification for treatment of pediatric
patients with rhabdomyosarcoma.
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