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abstract

PURPOSE Liquid biopsies can be used to investigate tumor-derived DNA, circulating in the cell-free DNA (cfDNA)
pool in blood. We aimed to develop a droplet digital polymerase chain reaction (ddPCR) assay detecting
hypermethylation of tumor suppressor geneRASSF1A as a simple standard test to detect various pediatric tumor
types in small volume blood samples and to evaluate this test for monitoring treatment response of patients with
high-risk neuroblastoma.

METHODSWe developed a ddPCR assay to sensitively detect tumor-derived hypermethylated RASSF1A DNA in
liquid biopsies. We tested this assay in plasma of 96 patients with neuroblastoma, renal tumors, rhabdo-
myosarcoma, or Hodgkin lymphoma at diagnosis and in cerebrospinal fluid of four patients with brain tumors.
We evaluated the presence of hypermethylated RASSF1A in plasma samples during treatment and follow-up in
47 patients with neuroblastoma treated according to high-risk protocol and correlated results with blood
mRNA–based and bone marrow mRNA–based minimal residual disease detection and clinical outcomes.

RESULTS The total cfDNA level was significantly higher in patients with metastatic neuroblastoma and
nephroblastoma compared with healthy adult and pediatric controls. Hypermethylated RASSF1Awas present in
41 of 42 patients with metastatic neuroblastoma and in all patients with nephroblastoma, with the median
percentage of 69% and 21% of total RASSF1A, respectively. Hypermethylated RASSF1A levels decreased
during therapy and recurred at relapse.

CONCLUSION Our findings demonstrate the value of ddPCR-based detection of hypermethylated RASSF1A as a
circulating molecular tumor marker in neuroblastoma. Our preliminary investigation of RASSF1A hyper-
methylation detection in circulating cfDNA of other pediatric tumor entities demonstrates potential as a pan-
tumor marker, but requires investigation in larger cohorts to evaluate its use and limitations.
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INTRODUCTION

Cancer remains one of the most common causes of
childhood death in high-income countries.1 Although
the combination of intensive chemotherapy, surgery,
radiation therapy, and immunotherapy has improved
outcomes in children with solid tumors, disease still
recurs in 50% of patients with neuroblastomas;2,3 46%
of patients with Ewing sarcomas;4 and approximately
30% of patients with localized rhabdomyosarcomas,5

osteosarcomas,6 and renal tumors.7 Response to
treatment is primarily based on imaging. In patients
with neuroblastoma, bone marrow (BM) histology or
(immuno)cytology assesses the extent of disease.8 In
neuroblastoma and rhabdomyosarcoma, reverse-
transcriptase quantitative polymerase chain reaction
(RT-qPCR) for the detection of minimal residual disease
(MRD) in peripheral blood or BM is shown to be more
sensitive9-13 and predictive of outcomes, but even

patients with low or negative MRD results can suffer from
recurrent disease,9,14 or mRNA markers can be down-
regulated upon epithelial-to-mesenchymal transition.15

Liquid biopsies, for example, peripheral blood, can also be
a source for tumor-derived cell-free DNA (cfDNA). As the
genomic view is not limited to the boundaries of a tissue
biopsy, liquid biopsies better represent spatial and intra-
tumor heterogeneity. Liquid biopsies have shown promise
in assisting diagnosis and monitoring therapy response in
adult oncology.16-18 Pediatric tumors have lower muta-
tional burdens with few recurrent mutations19 but a variety
of copy number alterations20 and epigenetic changes.21

The tumor suppressor geneRASSF1A is silenced in nearly
all adult cancers and associated with poor prognosis and
high-risk disease.22-24 Promotor hypermethylation23,25,26

or, less frequently, a combination of hypermethylation
and 3p21.3 allelic loss22,23,27 causes inactivation.
RASSF1A is hypermethylated in neuroblastoma,22,28-35
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hepatoblastoma,29,36 nephroblastoma,29,37,38 medulloblas-
toma and primitive neuroectodermal tumors,29,39 and osteo-
sarcoma and Ewing sarcoma.29,40-42 These accumulating
data suggest RASSF1A hypermethylation to be as common
in pediatric tumor entities as in adult tumor entities.
RASSF1A hypermethylation is rare in normal tissues,23 but
present in placenta, and therefore is also suited for fetal
DNA detection in maternal plasma.43,44 We previously in-
vestigated hypermethylated RASSF1A in cfDNA from pa-
tients with neuroblastoma by performing qPCR.33 We
demonstrated the promise of this marker, but observed loss
of cfDNA because of bisulfite conversion, and were unable
to quantify the low amounts of circulating tumor DNA
(ctDNA).33 In this study, we harnessed the sensitivity and
accuracy of droplet digital PCR (ddPCR) and developed a
ddPCR method with methylation-sensitive restriction en-
zymes (MSREs) to overcome these limitations. We further-
more investigated the feasibility of our hypermethylated
RASSF1A ddPCR assay in detecting different pediatric tu-
mor types in small volume patient plasma samples.

METHODS

Methods on patient inclusion, sample collection, cfDNA
isolation, and RT-qPCR for mRNA markers45 and single
nucleotide polymorphism array can be found in the Data
Supplement.

Hypermethylated RASSF1A ddPCR

To discriminate between methylated and unmethylated
RASSF1A, every sample was subjected to two different
ddPCR reactions (Fig 1): one with MSRE and the other
without; all remaining conditions were identical. ACTB-1
primer-probe set was added to control for cfDNA input, and
this amplicon is unaffected by the MSRE. ACTB-2 primer-
probe set was added to control for MSRE performance since
this amplicon is digested by the enzymes.RASSF1A, ACTB-1,
and ACTB-2 primer and probe sets are listed in the Data
Supplement. Primer and probe sequences forRASSF1A and

ACTB-2 have been described before by O’Brien et al.44 A
detailed protocol can be found in the Data Supplement. To
avoid false positivity, a threshold was based on healthy
donors for both the single- and double-digest reactions
(see the Results) and a minimum of four positive droplets
per duplicate. If a sample was scored positive, the per-
centage of hypermethylated RASSF1A was calculated as
(RASSF1A/ACTBwithMSRE)/(RASSF1A/ACTBwithout MSRE)× 100%.
RASSF1A ddPCR performance was compared with that of
RASSF1A qPCR by testing 16 rhabdomyosarcoma and renal
tumor cfDNA samples. RASSF1A qPCR was performed as
described previously.33

Statistical Analysis

As cfDNA and ctDNA levels were not normally distributed,
they are presented as median (interquartile range) and
statistical significance was determined by the Kruskal–Wallis
test. Fisher’s exact test was used to analyze the correlation
between ctDNA and/or mRNA positivity and outcomes.
Correlation analysis between cfDNA, ctDNA, and mRNA
levels was performed using Spearman’s test. Events were
defined as relapse, progressive,8 or refractory disease,
when the progression was not according to the International
Neuroblastoma Response Criteria but resulted in change of
treatment protocol. Receiver operating characteristic
analysis was used to identify a cutoff for hypermethylated
RASSF1A copies/mL. This cutoff was used to identify two
subgroups for the comparison of event-free survival using
Kaplan-Meier method. All statistical analyses were per-
formed using GraphPad Prism 8 (GraphPad Software, La
Jolla, CA) software. Results were considered significant if
P ≤ .05.

RESULTS

Limit of Detection and Limit of Blank: Single and Double

MSRE Digest

The dilution series of neuroblastoma cell line IMR32 DNA
(100% hypermethylated RASSF1A) in DNA from blood

CONTEXT

Key Objective
Molecular testing of circulating tumor DNA (ctDNA) has the potential to improve pediatric solid tumor diagnosis and dis-

crimination of subtypes and monitoring of treatment response. Our aim was to develop a RASSF1A hypermethylation
droplet digital polymerase chain reaction as a standard test to detect ctDNA in several pediatric tumor types using small
blood volumes and as a test to monitor treatment response of patients with neuroblastoma.

Knowledge Generated
We developed a sensitive and quantitative droplet digital polymerase chain reaction–based assay for hypermethylated

RASSF1A detection. Our findings demonstrate the value of hypermethylated RASSF1A as a molecular circulating tumor
marker in neuroblastoma. RASSF1A was frequently hypermethylated in plasma samples from patients with nephro-
blastoma, rhabdomyosarcoma, and Hodgkin lymphoma.

Relevance
Our study supports the use of ctDNA in assisting themonitoring of therapy response in patients with neuroblastoma and shows

the potential of ctDNA in assisting the diagnosis of other pediatric solid tumor entities.
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from a healthy male and in H2O showed a good linearity (a
detailed description is given in the Data Supplement). The
limit of detection, however, is defined by the level of pos-
itivity in the control samples, also called the limit of blank.
For the limit of blank, we evaluated RASSF1A positivity in
22 samples stored at room temperature from adult male
controls from which plasma was separated after 24, 48, 72,
or 144 hours and 18 pediatric control samples (plasma
separation within 24 hours). To test the efficacy of single-
digest MSRE (BstUI-only), both hypermethylatedRASSF1A
and ACTB were measured in these control samples after
digestion. We observed a correlation between the number
of hypermethylated RASSF1A copies and ACTB copies in
the adult controls (Spearman rs = 0.91, P, .0001) and to a
lesser extent in the pediatric controls (Spearman rs = 0.69,
P = .002), with a maximum of 0.039 RASSF1A copies per
ACTB copies/mL plasma (Data Supplement). Although we

cannot formally exclude that hypermethylated RASSF1A is
derived from necrotic cells during storage of the samples,
these data suggest that, although the ACTB-2 cluster was
not clearly present, BstUI-only was not able to digest all
cfDNA in our samples. A threshold on the basis of this ratio
would greatly reduce the sensitivity of the assay and result
in many inconclusive samples, and therefore, we investi-
gated the use of two MSREs in a double-digest reaction.
Double digestion by MSREs HhaI and Bsh1236I instead of
BstUI in 43 adult and 18 pediatric control samples resulted
in a more efficient digestion of RASSF1A. The number of
hypermethylated RASSF1A copies was no longer dependent
on the cfDNA concentration (Data Supplement). A prolonged
time to plasma separation did not result in a significant in-
crease in RASSF1A copies/mL, neither for the single-digest
nor double-digest method (Data Supplement). On the basis
of mean + 3 × standard deviation in hypermethylated
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FIG 1. Concept of quantifying methylated RASSF1A using MSRE and ddPCR. (A) AnMSRE incubation of a cfDNA sample results in the digestion of
unmethylatedRASSF1A, whereasmethylatedRASSF1A remains intact. Two amplicons of ACTB are added, and ACTB-1 is unaffected by theMSRE,
whereas ACTB-2 is digested by the MSRE, as a control for MSRE performance. Every sample is subjected to two different ddPCR reactions, (B) one
without the MSRE and (C) the other with the MSRE. ACTB-2 primers and probe are added in a lower concentration, resulting in a lower amplitude to
discriminate between the ACTB-1 and ACTB-2 clusters. (C) Only in cfDNA from patients with circulating tumor DNA present, RASSF1A will be
detected after digestion with the MSRE, as the absence of RASSF1A methylation will result in RASSF1A digestion, preventing the detection of this
unmethylated RASSF1A allele by ddPCR. cfDNA, cell-free DNA; ddPCR, droplet digital polymerase chain reaction; MSRE, methylation-sensitive
restriction enzymes.
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RASSF1A copies/mL plasma of these controls, we set the
threshold on 14 copies/mL plasma. As a large number of
patient samples were already tested using the single-
digest method, all patient samples with ≥ 4 positive
droplets and a ratio ≤ 0.039 RASSF1A/ACTB copies/mL
were also tested using the double-digest method and
scored according to the new double-digest threshold. To
compare RASSF1A ddPCR performance with that of
RASSF1A qPCR,33 we tested 16 diagnostic rhabdomyo-
sarcoma and renal tumor plasma samples using both
techniques. All 11 samples that were positive by qPCR, of
which three were positive-not-quantifiable, tested positive
by ddPCR, and 1 in 5 qPCR-negative samples were tested
positive by ddPCR.

Total cfDNA Is Increased in Patients With Neuroblastoma

and Nephroblastoma

We investigated plasma samples from patients with high-
risk neuroblastoma (47) at diagnosis and during therapy
and diagnostic plasma samples from pediatric patients with
non–high-risk neuroblastoma (17), rhabdomyosarcoma
(14), renal tumor (13), Hodgkin lymphoma (five), and
cerebrospinal fluid (CSF) from CNS tumors (four). For
clinical details, see the Data Supplement. We isolated
cfDNA from 200 to 1,000 mL plasma or CSF and compared
diagnostic plasma cfDNA levels (ACTB) with 24 healthy
adult and 18 healthy pediatric plasma control samples,
processed within 24 hours (Fig 2A, Table 1). Total cfDNA
levels were significantly higher in patients with metastatic
neuroblastoma and nephroblastoma compared with adult
and pediatric controls (P , .0001, P , .0001, P , .0001,
and P = .0117, respectively). Patients with localized
neuroblastoma had significantly lower cfDNA levels com-
pared with metastatic neuroblastoma (P = .0004) and were
not significantly different from the adult and pediatric
controls (P = .4 and P . .99, respectively). There was a
trend to higher cfDNA levels in patients with rhabdomyo-
sarcoma and Hodgkin lymphoma, which was only signifi-
cant compared with adult controls (P = .015 and P = .013,
respectively; Table 1).

Hypermethylated RASSF1A Is Detected in Diagnostic

Plasma of Patients With Different Tumor Entities

At diagnosis, RASSF1A hypermethylation was detected in
41 of 42 patients with metastatic neuroblastoma (Fig 2B
and Table 1). The one negative patient was stage MS and
upstaged to stage M because of two new bone lesions.
Hypermethylated RASSF1A was detected in all diagnostic
plasma samples from patients with nephroblastoma and
absent in plasma from two patients with Cystic Partially
Differentiated Nephroblastoma and bilateral differentiated
nephroblastomatosis, providing the possibility that only
malignant tumors are detected by this marker. Eight of 14
plasma samples from patients with rhabdomyosarcoma
were positive, as were 4 of 5 Hodgkin lymphoma plasma
samples. Only one CSF sample from a patient with

medulloblastoma was positive, and this was the sample
with the highest cfDNA concentration.

Cell-Free Detection of Hypermethylated RASSF1A at

Diagnosis and During Therapy

Plasma was available from 47 patients with high-risk
neuroblastoma during the course of treatment. Clinical
details, time of sampling, and ctDNA andmRNA results per
sample can be found in the Data Supplement. Single
nucleotide polymorphism array data confirmed 3p loss in
9 of 32 tumor samples, and in all nine patients, hyper-
methylated RASSF1A was detected in plasma, indicating
that RASSF1A hypermethylation can still be identified in
neuroblastoma with only one RASSF1A allele. At diagnosis,
the absolute and relative levels of hypermethylated
RASSF1A were significantly higher in the group of patients
who will experience an event, although with a substantial
overlap (median 37,243 copies/mL [interquartile range:
6,749-174,727] v 8,221 copies/mL [3,951-18,339],
P = .012, 70.2% [45.0-91.7] v 56.5% [17.1-74.5],
P = .030, respectively; Figs 3A and 3B). Receiver oper-
ating characteristic analysis revealed a cutoff of 27,681
hypermethylated RASSF1A copies/mL with a sensitivity of
64% and a specificity of 89% (Data Supplement) that
identifies a group that has a significantly poorer event-free
survival (Data Supplement, log-rank P = .0007). As the
majority of the total cfDNA was tumor-derived, this led to a
significant increase in cfDNA at diagnosis for patients who
will experience an event (59,714 copies/mL [27,547-246,
149] v 21,450 copies/mL [16,107-63,446], P = .023;
Fig 3C). For other time points, there was no significant
difference in total cfDNA levels between the patients with
and without an event. At relapse, ctDNA levels were
comparable with levels at diagnosis. Hypermethylated
RASSF1A positivity did not correlate with an event for any
of the time points (Fig 3D).

Comparison of ctDNA With the Detection of mRNA in BM

and Blood

We previously showed that qPCR-based RASSF1A
hypermethylation correlated with mRNA marker panel
positivity or negativity in BM cells in patients when tumor
burden was high or no tumor was detected.33 Marker
discrepancies indicated either low-level BM infiltration
(ctDNA–&mRNA panel+) or primary tumor or soft tissue
lesions without BM involvement (ctDNA+&mRNA panel–).
To confirm these results in the current cohort, we tested cell
fractions of corresponding blood (227) and BM (224)
samples for mRNA markers45 and compared them with
hypermethylated RASSF1A in plasma by ddPCR. We again
observe a strong correlation when the tumor load is to be
expected high (at time of diagnosis or event) or absent
(Fig 4), but see both ctDNA−&mRNA+ and vice versa when
the tumor load is expected to be lower, for example, during
therapy. In 227 matched blood samples, ctDNA was
concordant with blood mRNA in 73% (75 ctDNA+&mRNA+
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and 91 ctDNA–&mRNA–), 47 samples were ctDNA-positive
only, and 14 samples mRNA-positive only. Spearman
correlation of those 75 ctDNA+&mRNA+ indicated an as-
sociation between ctDNA and mRNA results (rs = 0.65,

P . .001). In 224 matched BM mRNA and ctDNA blood
samples, paired positive or negative results were found in
65% (103 and 43 samples, respectively). In contrast to the
blood samples, BM mRNA–only identified more positive
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FIG 2. Amount of cfDNA and circulating hypermethylated RASSF1A. (A) Level of cfDNA at diagnosis in patients with various
pediatric solid tumor entities, compared with healthy adult and pediatric controls. cfDNA was quantified by β-actin (ACTB), in
copies/mL plasma or CSF (cerebrospinal fluid). Lines indicate the median. (B) The percentage of hypermethylated RASSF1A of total
RASSF1A copies at diagnosis in patients with metastatic neuroblastoma (n = 42), localized neuroblastoma (n = 15), nephroblastoma
(n = 11), rhabdomyosarcoma (n = 14), lymphoma (n = 5), and CNS tumors (n = 4). Adult and pediatric controls were used to
establish a threshold for positivity. In 41 of 42 patients with metastatic neuroblastoma and 6 of 15 patients with localized neu-
roblastoma, hypermethylated RASSF1A was detected. In all 11 patients with nephroblastoma, 8 of 14 patients with rhabdo-
myosarcoma, 4 of 5 patients with lymphoma, and 1 of 4 patients with CNS tumor, hypermethylated RASSF1A was detected. Two
plasma samples of patients with benign renal tumors (a Cystic Partially Differentiated Nephroblastoma and a bilateral differentiated
nephroblastomatosis) were negative for hypermethylated RASSF1A. cfDNA, cell-free DNA; CFS, cerebrospinal fluid.

TABLE 1. Levels of cfDNA and Circulating Hypermethylated RASSF1A in Various Pediatric Solid Tumor Entities and Adult and Pediatric Controls

Tumor Total cfDNA (copies/mL)a

Hypermethylated
RASSF1A–Positive
Samples (No.)

Hypermethylated
RASSF1A of Total
RASSF1Aa (%)

Hypermethylated RASSF1A
(copies/mL)a

Metastatic
neuroblastoma

56,996 (17,694-138,639)b 41 of 42 69.4 (34.1-83.7) 19,281 (5,170-55,196)

Localized neuroblastoma 4,431 (3,441-7,669) 6 of 15 6.8 (5.4-13.9) 440 (273-546)

Nephroblastoma 26,023 (17,390-31,177)b 11 of 11 20.9 (1.4-36.3) 2,250 (421-6,946)

Benign renal 6,462 and 7,731 0 of 2

Rhabdomyosarcoma 5,893 (3,791-8,319) 8 of 14 8.5 (5.4-24.6) 263 (172-1,905)

Lymphoma 23,949 (7,406-40,873) 4 of 5 3.2 (2.5-4.7) 926 (220-1,638)

Medulloblastoma 138 (47-72,711) 1 of 4 84.1 89,336

Adult controls 1,232 (748-2,143)

Pediatric controls 2,445 (1,446-3,694)

Abbreviations: cfDNA, cell-free DNA; IQR, interquartile range.
aMedian and IQR are given.
bTotal cfDNA is significantly increased in patients with metastatic neuroblastoma compared with adult and pediatric controls, with P , .0001 and

P , .0001, respectively, and in patients with nephroblastoma.
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samples (62) compared with ctDNA-only (16). Twenty-
seven of those 62 samples were taken during induction
chemotherapy. In 103 ctDNA+&mRNA+ samples, Spear-
man correlation indicated a moderate association between
ctDNA and mRNA results (rs = 0.49, P . .001).

Combined ctDNA and mRNA Detection Correlates

With Outcomes

We next studied the kinetics of circulating hypermethylated
RASSF1A and the mRNA markers from the corresponding
BM and blood samples. Representative examples from five
patients are depicted in Figures 5A-5E, and the combined

outcome of circulating hypermethylated RASSF1A and BM
mRNA for different time points is shown in Figure 5F. We
showed that during therapy, the presence of hyper-
methylated RASSF1A in plasma was not associated with
poorer prognosis at any of the time points in this patient
cohort (Fig 3D). However, when circulating hyper-
methylated RASSF1A results were combined with BM
mRNA, positivity with both techniques after two cycles of
chemotherapy was associated with unfavorable clinical
outcomes of these patients (P = .046; Fig 5F), with the
sensitivity and specificity of the ctDNA+&mRNA+ profile
being 74% and 63%, respectively. BM mRNA positivity
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FIG 3. Positivity and levels of circulating hypermethylatedRASSF1A and total cfDNA during therapy in patients with high-risk neuroblastoma. Red
circles indicate samples from a patient who will suffer from an event, and blue circles indicate samples from patients who remain in complete
remission (survivor). (A) Amount of hypermethylated RASSF1A in copies/mL plasma during therapy. (B) Relative levels of hypermethylated
RASSF1A per total RASSF1A copies during therapy. (C) Levels of cfDNA, measured by β-actin (ACTB), in copies/mL plasma during therapy. (D)
Fraction of total number of samples tested that were positive for circulating hypermethylated RASSF1A. Green bar represents positive samples,
and orange bar represents negative samples. cfDNA, cell-free DNA; CT, cycles of chemotherapy; Dx, diagnosis; end-ind, end of induction; event
tx, event therapy; ext-ind, extra induction therapy (not for refractory disease); post-con, postconsolidation; refr, refractory disease treatment.
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alone at this time point was not predictive of the outcome in
this cohort (P = .12). The trend that ctDNA+&mRNA+

positivity at other time points also correlates with an event
was not significant in this small cohort. Remarkably, BM
mRNA positivity alone during postconsolidation was asso-
ciated with unfavorable outcomes (P = .077). In summary,
the level of hypermethylated RASSF1A at diagnosis was
correlated with unfavorable outcomes. Moreover, the
combination of ctDNA with BM mRNA improved the pre-
dictive value after two cycles of chemotherapy in this cohort.

DISCUSSION

Molecular testing of cfDNA has the potential to improve
pediatric solid tumor diagnosis, discrimination of subtypes,
and MRD monitoring. Our aim was to complete a first step
in this evolution of diagnostic modalities by evaluating our
RASSF1A hypermethylation ddPCR as a standard test to
detect ctDNA in several pediatric tumor types using small
blood volumes and as a test to monitor treatment response
of patients with neuroblastoma.

We previously described qPCR-based detection of circu-
lating hypermethylated RASSF1A in patients with
neuroblastoma.33 In our previous study, the majority of
positive samples could not be quantified reliably by qPCR,
whereas ddPCR technology is adept for precise quantifi-
cation of low abundant targets.46 Furthermore, like in many
other widely used methods to analyze DNA methylation,
cfDNA samples in the qPCR study were bisulfite converted,
which is known to degrade the majority of DNA.47 As cfDNA
is often present in low quantities, we investigated the use of
an MSRE, previously described by Chan et al and O’Brien
et al, as an alternative to bisulfite conversion.43,44 We no-
ticed higher hypermethylated RASSF1A levels in control
samples with high total cfDNA levels, also reported by
O’Brien et al.44 We successfully introduced a combination
of two MSREs, which resulted in better digestion of
unmethylated RASSF1A. cfDNAmay not always be present
as double-stranded DNA, but can also appear as (partially)
single-stranded DNA fragments.48,49 Although the enzyme

BstUI performed well in genomic DNA experiments, it is
reported to be less active on single-stranded DNA.50 The
addition of HhaI overcomes this, as this enzyme is capable
of digesting single-stranded DNA. The use of two different
MSRE, and thus an increase in digestion sites, may result in
digestion of DNA that is only partially methylated,51 po-
tentially underestimating present hypermethylated
RASSF1A. However, as BstUI-only was clearly unable to
digest all unmethylated RASSF1A, we proceeded with the
use of two MSREs. The frequency of low-level positive
results detected in healthy adult and pediatric controls
defined the limit of detection. Since lack of remnants
precluded the retesting of our qPCR study samples,33 we
showed in 16 rhabdomyosarcoma and renal tumor samples
the slight superiority of the ddPCR method. In summary,
the ddPCR is our preferred method to use for hyper-
methylated RASSF1A detection in plasma samples be-
cause the MSRE-ddPCR can reliably quantify ctDNA and
saves time and sample.

We corroborate the potential of hypermethylated RASSF1A
as a ctDNA marker for neuroblastoma, for monitoring
treatment response and early relapse detection. This study
confirms that cell-free hypermethylated RASSF1A corre-
lates with mRNA marker panel positivity in BM and
blood in patients at the opposite ends of the disease
spectrum, when tumor burden was high or no tumor was
detected.32,33 The difference in kinetics of ctDNA and BM
mRNA is illustrated by the prolonged presence of BM
mRNA during induction therapy, whereas ctDNA rapidly
declines during therapy, but is present again at relapse.
The results of this study further support the finding, in an
independent cohort, that both ctDNA and mRNA com-
plement each other for the detection of MRD, with the
combination showing a correlation with the outcome after
two cycles of chemotherapy. Although the detection of
ctDNA was shown to be very promising for future MRD
studies in neuroblastoma, no definitive conclusions can be
made as samples for this study were not prospectively
collected, resulting in missing samples. Future research
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should be undertaken to investigate whether hyper-
methylated RASSF1A can be used as a marker during
follow-up for early relapse detection and whether a cutoff
can be used to predict event-free survival. As inactivation of
RASSF1A, for example, by hypermethylation, is advanta-
geous for many tumor entities, in melanoma, demethylation
agents lead to apoptosis and cell death52; we think that this
marker is not lost in time. We will test this hypothesis in
prospective collaborative studies on the use of ctDNA in the
new SIOPEN HR-2 (NCT04221035) patient cohort, which
are being initiated within the SIOPEN liquid biopsy group.

Comparison of the total cfDNA levels in pediatric solid
tumors with those of other studies confirms higher levels
in patients with neuroblastoma and nephroblastoma
tumors.53-57 Consistent with literature, a high tumor-derived
fraction of total cfDNA was found in patients with neuro-
blastoma and nephroblastoma, demonstrating the potential

of liquid biopsies in these tumor entities.54,56,58 Plasma
samples from patients with other tumor entities in this
study were less conclusive, which may indicate differ-
ences in the extent that different tumor types shed tumor
DNA into circulation, a lower frequency of RASSF1A hyper-
methylation in other tumor entities,29 or may just be artifacts
of low sample numbers in the preliminary sample collection
evaluated.

In this study, we developed a sensitive and quantitative
ddPCR-based assay for hypermethylated RASSF1A detec-
tion and determined threshold values for positive results.
Our findings demonstrate the value of hypermethylated
RASSF1A as a molecular circulating tumor marker in neu-
roblastoma. Furthermore, our preliminary investigation of
RASSF1A hypermethylation detection in circulating cfDNA
demonstrates potential as a pan-tumor marker, but requires
further investigation to evaluate its use and limitations.
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