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In this study, the circulating miRNome from diagnostic neuroblastoma serum was assessed

for identification of noninvasive biomarkers with potential in monitoring metastatic disease.
After determining the circulating neuroblastoma miRNome, 743 miRNAs were screened in 2
independent cohorts of 131 and 54 patients. Evaluation of serum miRNA variance in a model
testing for tumor stage, MYCN status, age at diagnosis, and overall survival revealed tumor stage
as the most significant factor impacting miRNA abundance in neuroblastoma serum. Differential
abundance analysis between patients with metastatic and localized disease revealed 9 miRNAs
strongly associated with metastatic stage 4 disease in both patient cohorts. Increasing levels of
these miRNAs were also observed in serum from xenografted mice bearing human neuroblastoma
tumors. Moreover, murine serum miRNA levels were strongly associated with tumor volume. These
findings were validated in longitudinal serum samples from metastatic neuroblastoma patients,
where the 9 miRNAs were associated with disease burden and treatment response.

Introduction

Neuroblastoma (NB) is a childhood cancer arising from the developing sympathetic nervous system (1).
The disease is responsible for 11% of pediatric cancer deaths and is ranked third among cancers with the
highest mortality rate (2). Approximately 60% of the NB patients are diagnosed with metastatic disease,
mostly represented in the high-risk patient subgroup. High-risk patients have low survival rates of about
50%, and 2 thirds of these children will ultimately relapse, eventually entering a second line of inten-
sive treatment, enrolling in an early-stage clinical trial or receiving palliative therapy (1). Monitoring of
treatment response is essential for assessment of its efficacy and for guiding the procedure of follow-up
treatment after refractory or relapsed NB.
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Current methods for monitoring disease and evaluation of treatment response are mostly based on
detection of minimal residual disease (MRD), which is determined by estimating the number of residual
tumor cells in peripheral blood or BM (3). While several cellular MRD markers have been proposed, bio-
markers for noninvasive cell-free determination of disease burden are currently lacking.

MicroRNAs — a class of small noncoding RNAs involved in various aspects of health and disease, includ-
ing NB pathophysiology — seem to be particularly stable and abundant in serum and plasma (4, 5). Several
studies have reported a relationship between serum miRNAs and disease characteristics such as MYCN ampli-
fication or increased risk for adverse outcome (6, 7). The interest in pursuing the investigation of the miRNome
from liquid biopsy samples is also fortified by the fact that collection, processing, and storage of these samples
is relatively straightforward and less invasive. For these reasons, the circulating miRNome may be a valuable
source for development of more advanced or refined tests for longitudinal treatment follow-up of NB patients.

In the present study, we quantified the circulating miRNome from 185 diagnostic serum samples and
assessed the association of 4 disease characteristics with serum miRNA abundance: the international NB
staging system (INSS), gene copy number status of the MYCN oncogene, age at diagnosis, and overall surviv-
al. We found a strong positive correlation between serum miRNA abundance and tumor stage and selected
9 miRNAs with a proportional increase from stage 1 to stage 4 NB patients. As tumor stage reflects cancer
spread, we propose this set of miRNAs as serum markers for assessment of disease burden in human NB.

Results

Defining the human NB circulating miR Nome. As only a subset of miRINAs end up in circulation, we decided to first
define the circulating miRNome (i.e., the ensemble of miRNAs that are detectable in serum from NB patients).
To this end, we created 3 serum pools, each composed of 5 patient samples (Figure 1). Pooled samples were
either high-risk patients who died of the disease (pool 1), high-risk patients who survived (pool 2), or low-risk
patients who survived the disease (pool 3). Since the fraction of low-risk NB patients who die of disease is very
low (approximately 2%), no such pool was included in the study (1).

The pooled samples were screened for 1,805 miRNAs in order to select detectable miRNAs in at least 1
of the pools. A set of 751 miRNAs was ultimately selected, hereby defining the circulating NB miRNome.
‘We argue that these serum pools are representative for the majority of the NB patient population, resulting
in a comprehensive selection of circulating NB miRNAs. Expression of the NB miRNome was subsequently
analyzed by quantitative PCR (RT-qPCR) in 2 NB patient cohorts of 131 and 54 serum samples, respectively.

Before normalization, 8 miRNAs with missing values in more than 75% of the samples were exclud-
ed from the dataset. All analyses were performed on the first cohort, initially. The second cohort was
used to validate the findings from the first cohort.
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Figure 2. Tumor stage has the largest impact on circulating miRNA levels in serum. Bean plot of the average variance
per disease feature (%), average significance (-log,; of the P value), and number of miRNAs significantly influenced by
disease features. Green lines in the violin plot represent percentage of variance for individual miRNAs. The evaluated
disease features were tumor stage (1,2, 3, 4, and 4S), overall survival (survival), MYCN status, and age at diagnosis (18
moths cut-off). P values were corrected for multiple-testing error by the Benjamini-Hochberg method prior to averaging.

Metastatic disease status has the largest impact on circulating miRNA levels in serum. Generalized additive mod-
eling (GAM) was used on normalized miRNA expression values in order to quantify the association with
tumor stage, MYCN status, age at diagnosis, and overall survival. A straightforward model was chosen,
whereby interaction terms were excluded, since our aim was to determine which of these features has the
largest impact on serum miRNA expression and, hence, is responsible for the largest variance in the data set.

The analysis returned the level of significance (P value) and the percentage of variance in the dataset
explained by each of the tested features. The level of significance was used to measure the prediction ability
of disease features for the 743 tested miRINAs. The percentage of variance was used to define the importance
of each feature in influencing miRNA expression in serum. The average statistical significance, the number
of significant miRNAs, and the average variance explained by each disease feature is provided in Figure 2.

INSS tumor stage explains, on average, 33.1% of the variance in this serum miRNA dataset. Ten
miRNAs were identified as being strongly significantly affected by tumor stage. The average level of
significance was P < 0.0001 (range: 3.65 X 102 to 3.19 x 107!!). Overall survival status (alive or dead
of disease) explained an average 25.9% of the variance. Eight miRNAs were identified with an aver-
age P < 0.05 (range: 3.58 x 102 to 5.88 x 107%). MYCN copy number status and age at diagnosis were
responsible for 24.9% and 19.0% of the expression variance, respectively, with an average P < 0.01 and
< 0.05, respectively. The number of miRNAs to be significantly influenced by MYCN status or age at
diagnosis were 4 and 3, respectively.

None of the identified miRNAs were significantly influenced by 2 or more disease characteristics.
Based on the overall percentage of variance explained and the average level of significance for the identified
sets of miRNAs for each disease feature, we concluded that INSS tumor stage had the largest impact on
circulating serum miRNA levels.

Identification of serum miRNAs as potential markers for disease burden. Mann-Whitney U test was used
to select differentially expressed miRNAs between serum from patients with metastatic disease (stage 4
tumors) and serum from patients with localized disease (stage 1 and stage 2 tumors).

The analysis revealed 327 differentially expressed miRNAs (after correction for multiple-testing). One
hundred eighty-four and 143 miRNAs were more abundant in serum from metastatic and localized dis-
ease, respectively (Figure 3A). The magnitude of the differences was much larger for miRNAs circulating
in metastatic serum samples (Figure 3C). In fact, metastatic serum revealed 10 miRNAs with minimal
fold-changes higher than 2 ACq units (~4-fold difference), while the maximum fold-change in serum from
localized disease was lower than 2 ACq units.

Interestingly, 9 of the top 10 differential miRNAs were also put forward by the GAM analysis. These
overlapping miRNAs were miR-873-3p, miR—-149-5p, miR—-124-3p, miR-218-5p, miR—490-5p, miR-323a-
3p, miR-10b-3p, miR-375, and miR-129-5p (Figure 3B).

We further evaluated the serum levels of the 9 overlapping miRNAs in patients stratified according to
INSS tumor stage. Average miRNA abundance was calculated per sample; samples were grouped per stage
and depicted by a boxplot in Figure 3D.

A proportional increase of miRNA levels in serum from stage 1 to stage 4 patients was observed. One-
way ANOVA was used to quantify the significance of the difference between stage groups. This analysis
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Figure 3. Identification of serum miRNAs as potential markers for disease burden in patient cohort 1. (A) Fold change (log, scale) of miRNA abundance
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revealed a significant P value of 2.0 x 107'6. All differences were significant, except for the difference
between stage 1 and stage 2 tumors and the difference between stage 4S and all other tumor stages.

Even though we would label the selected miRNAs as being indicators of metastatic tumor load (stage
4 disease), there is a discrepancy with respect to how the miRNAs behave in serum from stage 4S patients.
Stage 4S patients have a particular pattern of metastatic disease with good outcome due to spontaneous
regression; however, the expression of the selected set of 9 miRNAs is not significantly different from the
localized tumor stages. This may be due to the fact that this cohort only contained a limited number of
samples. Alternatively, it may reflect the difference in biology between stage 4 and stage 4S tumors, which
may result in a different miRNA signature in patient serum samples. Based on these results, we assume that
the identified set of miRNAs qualify as candidate markers of metastatic, nonstage 4S disease (hereafter
referred to as markers for metastatic disease).

Validation of serum miRNA markers for metastatic disease in independent patient cohort. In order to evaluate
the robustness of the identified markers for metastatic disease, we measured all 743 microRNAs in an inde-
pendent cohort consisting of sera from 54 NB patients.

There is a significantly positive correlation of localized versus metastatic (stage 4) fold change abun-
dance between samples from the first and second cohort (» = 0.7, P < 0.001). If only differential miRNAs
between localized and metastatic disease are taken into account, the correlation between the 2 independent
sample cohorts is even higher (» = 0.91, P < 0.001).

In Figure 4A, a distribution of abundance fold changes is shown for localized versus metastatic disease.
Seven of the 9 miRNAs identified on the first cohort have a 4-fold abundance difference (2 log, units) in the
second sample cohort, as well. The remaining 2 miRNAs show fold differences larger than 2.5 (1.4 log, units).

A proportional increase in the average expression from the 9 miRNAs from stage 1 to stage 4 was confirmed
in the second cohort (Figure 4B). An ANOVA test revealed a significant P value of 5.8 x 107, All differences
between stage 4 samples and samples from other tumor stages were significant (P < 0.01). In Figure 4C, the
ability of the 9-miRNA set to classify the independent cohort into localized and metastatic disease is shown.
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Figure 4. Validation of serum miRNA markers for metastatic disease in patient cohort 2. (A) Fold change distribution of miRNA abundance between
sera from metastatic (stage 4) neuroblastoma (n = 27) and localized (stage 1 and 2) neuroblastoma (n = 17) patients (cohort 2, n = 54). Red bars indicate
the position of the 9 miRNAs identified in the first cohort. (B) Boxplot of miRNA abundance for the selected 9 miRNAs in sera from stage 1, 2, 3, 4, and 45
disease, in the cohort 2. (C) Heatmap depicting hierarchical clustering of serum samples based on the selected set of 9 miRNAs.
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Serum markers for metastatic disease are high but nondifferential in primary tumors. Two public datasets of
miRNA expression in fresh-frozen diagnostic NB tumors were used to evaluate expression of the serum
markers for metastatic disease in the tumor. The tumor expression datasets were generated using different
miRNA expression profiling technologies than used in the present study: (a) stem-loop RT-qPCR miRNA
expression method (Invitrogen), as described in ref. 8, and (b) small RNA sequencing, as described in ref. 9.

There were 201 microRNAs measured in common between our serum dataset and the stem-loop
RT-gqPCR tumor dataset, including 6 of the 9 serum markers for metastatic disease. Fold changes were
determined between 25 stage 4 tumors from patients with fatal outcome and 25 stage 1 tumors from
patients with favorable outcome (Figure 5A). No significant correlation was found between serum and
tumor microRNA fold changes (» = —0.08, P = 0.22). Only 3 of the 6 miRNAs (miR-129-5p, miR—-149-5p,
and miR-323a-3p) were significantly differentially expressed between metastatic and localized disease in
the tumor dataset. However, the fold changes are in opposite direction as to what is observed in serum
(i.e., while these miRNAs were more abundant in serum from metastatic disease, they were found to be
higher expressed in localized disease in tumor). The 6 miRNAs were among the top 55% miRNAs with
highest expression in the tumor RT-qPCR data (Figure 5C).

In the small RNA sequencing dataset, there were 5 patients with metastatic (stage 4) disease and
fatal outcome and 5 patients with localized disease (stage 1) and favorable outcome. All 9 serum mark-
ers for metastatic disease were present in the tumor dataset. No significant correlation was found
between serum and tumor microRNA fold changes (r = —0.13, P = 0.01). Only 2 of the 9 miRNAs
(miR-129-5p and miR-149-5p) showed a significantly differential expression between metastatic and
localized tumors (Figure 5B). Again, while these miRNAs were more abundant in metastatic disease in
serum, they were higher expressed in localized disease in tumor. The 9 miRNAs were among the top
54% miRNAs with highest expression in the tumor sequencing data (Figure 5C).

Serum microRNA markers for metastatic disease are specific for NB. We further evaluated the specificity of the
selected set of 9 miRNAs in serum pools from healthy children and other pediatric cancer entities (sarcoma,
nephroblastoma, and rhabdomyosarcoma), as depicted in Figure 6. Low to absent levels were observed in
healthy serum. When compared with serum from other pediatric cancer entities, expression levels for 8 of 9
miRNAs were higher in NB serum than in the pools from other pediatric cancer entities.

These results suggest that the increased levels of the identified set of miRNAs in serum from children
with NB is likely caused by the presence of NB tumor cells in the patient’s body.

Serum miRNA markers for metastatic disease are strong predictors of overall survival in a global NB patient
cohort but not in the high-risk subgroup. Given the importance of biomarkers for more accurate outcome
prediction, the abundance of the 9 miRNAs in serum was assessed for potential association with over-
all survival. To this purpose, Kaplan-Meier and Cox regression analyses were performed. The results
showed a significant prediction of overall survival in a patient cohort including NB patients from the
low-, intermediate-, and high-risk group (Table 1 and Supplemental Figure 1; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.97021DS1). However, when test-
ed in the high-risk patient cohort only, none of the miRNAs was significantly associated with overall
survival (Table 2 and Supplemental Figure 2).
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Proportional increase of metastatic disease miRNA markers in serum from mice engrafied with human NB cells. To
evaluate to what extent tumor volume may impact the levels of miRNA markers for metastatic disease, we
engrafted 4- to 6-week-old immunodeficient mice with human luciferase-positive SH-SY5Y NB cells. Small
RNA sequencing was performed on serum samples collected 6 days before engraftment, as well as 11 and 25
days after engraftment. Abundance levels of the selected set of 9 miRNAs were evaluated, in order to deter-
mine how the tumor graft impacted levels of these miRNAs in murine serum. Significantly increased miRNA
levels over time were observed for the selected miRNAs (Figure 7A and Supplemental Figure 3). Of note,
miR-873-3p — the only miRNA that is not conserved between human and mouse — was not detectable prior
to engraftment and showed increasing levels 11 and 25 days after engraftment.

The higher detection levels of the selected miRNAs between 11 and 25 days after engraftment were
associated with substantial tumor growth, as evidenced by increased luciferase bioluminescence (Figure 7B).

These findings indicate that an increase in tumor volume could result in increased abundance of the 9
miRNAs in murine serum; at least 1 of the miRNAs (human-specific miR-873-3p) must directly originate
from the growing human tumor in the immunodeficient mice.

Serum abundance of disease burden miRNA markers changes during treatment of metastatic NB patients. Sub-
sequently, we set out to explore the use of the 9-miRNA signature to monitor disease burden during treat-
ment of NB patients diagnosed with metastatic disease. To this purpose, the abundance levels of the 9
miRNAs were measured using RT-qPCR in 2 serial serum samples from 5 stage 4 NB patients, 1 collected
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Table 1. Serum miRNA markers for metastatic disease are strong predictors of overall survival in the
global neuroblastoma patient cohort

miRNA P value Hazard ratio
hsa-miR-10b-3p 11x10°® 1.42
hsa-miR-124-3p 9.3x10™* 1.20
hsa-miR-129-5p 4.0 x 1072 1.09
hsa-miR-149-5p 5.7 x10%? 114
hsa-miR-218-5p 79 x 1073 114
hsa-miR-323a-3p 41x107 112
hsa-miR-375 5.2x10* 116
hsa-miR-4390-5p 4.7 x107 1.34
hsa-miR-873-3p 1.5 %10 1.45

P values and hazard ratios from Cox regression analysis testing for the relation of the 9 miRNA metastatic markers to
overall survival, in the global neuroblastoma cohort (high-risk and non-high-risk patients, n = 185).

at diagnosis (t0) and 1 during treatment (t1; Figure 8A and Supplemental Table 1). Patients who demon-
strated treatment response and presented with reduced tumor volume at t1 show a clear decrease in the
average abundance of the 9 disease burden miRNA markers (Figure 8B; Supplemental Figure 4). In con-
trast, abundance levels of these 9 miRNAs remain high or increase in nonresponders (i.e., patients who
show relapse or progressive disease at t1). These proof-of-concept data demonstrate that the identified
9-miRNA signature can potentially be used for disease monitoring in NB.

Discussion
In this study, the abundance levels of 743 human miRNAs were evaluated in 185 diagnostic serum samples
from 2 NB patient cohorts. The association between circulating miRINA abundance variance and patient
characteristics in the first cohort revealed that tumor stage had the strongest impact on miRNA levels. By
taking the overlap from the differential abundance analysis when comparing metastatic stage 4 and localized
stages 1 and 2 disease and the outcome of the variance modeling, a core set of 9 miRNAs was defined. These
miRNAs were highly abundant in serum from patients with metastatic disease in both tested patient cohorts.
Evaluation of the selected set of 9 miRNAs in serum from stage 1,2, 3, 4, and 4S disease showed that the
more the disease is spread throughout the body, the higher the levels of the selected miRNAs in serum are.
This significant association to tumor stage was confirmed in both patient cohorts, and we therefore decided to
label this set of miRNAs as potential circulating biomarkers for metastatic disease in NB.

To evaluate to what extent tumor load could influence circulating miRNA levels, we measured their abun-
dance in serum from mice orthotopically engrafted with human NB cells. A clear increase of the core set of 9

Table 2. Serum miRNA markers for metastatic disease are not predictive for overall survival in the high-
risk patient cohort

miRNA P value Hazard ratio
hsa-miR-10b-3p 0.27 110
hsa-miR-124-3p 0.84 1.02
hsa-miR-129-5p 0.83 1.01
hsa-miR-149-5p 0.53 1.05
hsa-miR-218-5p 049 1.04
hsa-miR-323a-3p 0.76 1.02
hsa-miR-375 0.25 1.06
hsa-miR-490-5p 0.07 113
hsa-miR-873-3p 0.36 m

P values and hazard ratios from Cox regression analysis testing for the relation of the 9 miRNA metastatic markers to
overall survival of high-risk patients only (n = 106).
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Figure 7. Proportional increase of metastatic disease miRNA markers in serum from mice engrafted with human neuroblastoma cells. (A) Average miR-
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el analysis (P < 0.05, 1-way ANOVA).(B) Luciferase fluorescence assessment of tumor volume 14 days and 23 days after engraftment for 5 of 8 mice in A.

serum miRNA levels was observed 11 days and 25 days after orthotopic injection. Interestingly, there was 1 non-
conserved (human-specific) miRNA, which was only detected in murine serum after human NB engraftment
(first time point, 11 days after engraftment), with even more pronounced abundance 2 weeks later (25 days after
engraftment). Furthermore, the increased levels of the core set of 9 miRNAs in murine serum were accompa-
nied by substantial growth of the human tumor in the murine host. Not only do these findings show that the
increased levels of the core set of miRNAs in serum is triggered by the growing NB tumor, but they also provide
clear evidence that at least 1 of these miRNAs is derived from the tumor tissue itself.

Comparison of NB serum with serum from healthy children or from children with other cancer types
showed that the core set of miRNAs is primarily detected at high levels in NB serum, indicating that these
miRNAs may be specific to NB disease. The average expression of the 9 miRNAs in the 3 NB pools was
higher than in the 4 other non-NB pools, each of them composed of 5 individual samples. While the num-
ber of representative samples from the other pediatric entities and the healthy children is limited, the low
levels (or even absence) of these miRNAs in 3 different cancer entities and healthy children is an indication
of these miRNAs potentially being specific to NB disease. Nevertheless, a larger study with more samples
is required to confirm the presumed specificity of these miRNAs for NB patient sera.

In a previous study, 5 miRNAs were shown to be specifically abundant in serum from MYCN-ampli-
fied high-risk NB compared with serum from non-MYCN-amplified low-risk NB and 9 other pediatric
cancer entities (6). Three of these miRNAs (miR-124-3p, miR-218-5p, and miR—490-5p) were also part of
the core set of miRNAs identified in the present study. These confirmatory results show that the findings
in our study are robust and highlight the potential of using serum miRNAs in future clinical practice, since
their abundance may be reliably measured independently from sample processing methodologies and miR-
NA profiling technologies.

In order to assess whether the circulating biomarker miRNAs are overexpressed in metastatic tumors
compared with localized NB, we evaluated their expression in 2 public datasets from diagnostic primary NB
samples — one established using stem-loom RT-qPCR and the other by deep sequencing of small RNAs. The
findings in tumor tissue are not in line with our observations in serum: (a) expression of the majority of the
identified set of 9 miRNAs is not significantly different in tumor tissue between stage 4 and stage 1 NB, and
(b) for the 2 miRNAs that were differentially expressed in tumor (miR—-129-5p and miR-149-5p), increased
levels were found in stage 1 tumors, while the opposite was true in serum.

This finding strongly suggests that the miRNA levels in serum are not upregulated due to differential
expression in the tumor but are likely proportional with tumor volume and, as such, reflect disease burden
and metastatic status. The fact that these miRNAs were among the most abundant miRNAs in the primary
tumor further supports this.

There are a few studies that report the use of circulating tumor DNA in NB, 2 of which report the util-
ity of circulating cell-free DNA for noninvasive detection copy number alterations (10, 11). These studies
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Figure 8. Serum abundance of disease burden miRNA markers changes during treatment of stage 4 neuroblastoma

patients. (A) The disease course for each of the patients (P1-P5) is depicted, including the time points of serum collec-
tion and occurrence of disease events (relapse, progressive disease, and death). (B) For each of the individual patients,
the change in average abundance level of the 9 disease burden miRNA markers in serum is shown. Note that at t1, P1,

P3, and P5 are considered treatment responders, while P2 and P4 are considered nonresponders.

mainly assessed the concordance between array comparative genomic hybridization (CGH) and circulating
cell-free DNA profiling, as circulating DNA may provide a more cost effective and less invasive alternative
for copy number evaluation of NB tumors. In a third study, performed by Combaret and colleagues, levels
of MYCN DNA were measured in peripheral blood and proposed as prognostic biomarker at the time of
diagnosis or for follow-up of patients after chemotherapy (12). From a technology point of view, both circu-
lating miRNAs and circulating tumor DNA (ctDNA) are stable molecules and are relatively easy to quanti-
fy by various techniques, such as RT-qPCR, digital PCR, or massive parallel sequencing. In this respect, no
superiority is claimed of circulating miRNA over circulating ctDNA (or vice versa).

Given the importance of prognostic markers for accurate outcome prediction of high-risk NB patients,
the abundance of the 9 miRNAs in serum was evaluated to assess their relation to overall survival. When test-
ed in the high-risk patient cohort only, none of the miRNAs were significantly associated with overall surviv-
al. However, we observed a strong and significant association with overall survival in a cohort including NB
patients from all risk groups. This is an interesting finding, as it supports the association of these circulating
miRNAs with more advanced NB stage and disease. Nevertheless, as currently used prognostic factors (such
as age at diagnosis, tumor stage, and MYCN amplification status) are effective in distinguishing between non—
high-risk and high-risk patients, the relevance of such miRNAs in clinical practice is rather low.
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Table 3. Distribution of cohort 1 and 2 patients according to tumor stage

Tumor stage
Stage 1
Stage 2
Stage 3
Stage 4

Stage 4S5
Total

Number of patients cohort 1 % Cohort 1 number of patients cohort 2 % Cohort 2
20 15% 9 17%
13 10% 8 15%
16 12% 4 7%
78 60% 27 50%
4 3% 6 1%
131 54

Distribution and percentage of serum samples for tumor stages 1, 2, 3, 4, and 45 in neuroblastoma patient cohort 1and patient cohort 2.

insight.jci.org

Finally, in order to obtain first insights into whether this 9-miRNA signature can be used for disease
monitoring in NB patients, abundance levels of the 9 miRNAs were measured in serially collected serum
samples from metastatic stage 4 NB patients. As such, we could demonstrate that the serum abundance of
the 9-miRNA signature changes during the treatment of NB patients and that these changes are related to
the disease status of the patient and tumor volume at the time of serum collection. Although these findings
and their clinical use need to be validated in larger patient cohorts, they clearly indicate that serum abun-
dance of the 9-miRNA signature can potentially be used for disease monitoring in NB patients diagnosed
with metastatic disease.

With the present study, we provide unique first insights into the poorly understood mechanisms behind
serum miRNA levels and its relation to tumor miRNA expression. In summary, we have identified 9 miR-
NAs and convincingly demonstrated that their elevated levels in serum are correlated with tumor volume
in serum samples from murine xenografts and disease burden in human NB patients. Further studies are
required in order to evaluate the utility of these miRNAs as potential biomarkers for disease burden in a
longitudinal disease monitoring or treatment efficacy study design.

Methods

Patient demographics. Serum was collected from 185 NB patients at diagnosis from 6 different clinical cen-
ters: Ghent, Essen and Cologne, Lyon, Tel Aviv, and Brno. Clinico-pathological properties are listed in
Supplemental Table 2. The serum samples were collected and processed in 2 independent cohorts. Cohort
1 contained 131 samples from all 6 centers; cohort 2 contained 54 samples from Cologne. The number of
samples over different tumor stages for each sample cohort is shown in the Table 3. Serial serum samples,
collected at diagnosis (t0) and during treatment (t1), from 5 patients diagnosed with metastatic disease
(stage 4) NB were collected at the Centre Léon Bérard (Lyon, France). Serum from healthy children (5
samples) and diagnostic serum for 3 additional cancer entities (sarcoma, nephroblastoma, and rhabdomyo-
sarcoma; 5 samples each) were obtained from Ghent University Hospital.

Serum sample pooling. Three NB serum pools were prepared from human diagnostic samples (Supplemental
Table 3), each containing 200 ul from 5 serum samples (40 pl each): pool 1 contained 5 high-risk patients who
died of the disease within 36 months after diagnosis; pool 2 contained 5 high-risk surviving patients with at least
5 years follow-up time; and pool 3 contained 5 low-risk surviving patients with at least 5 years follow-up time.

The same approach was used for preparation of 3 additional pools from diagnostic serum from the
other pediatric cancer entities and healthy controls.

RNA isolation, reverse transcription, and RT-gPCR reaction. The serum pools were screened for 1,805
microRNAs using RT-qPCR (miRBase release version 20), as described in ref. 13. The individual
samples were screened for 754 microRNAs, including 751 human miRNAs and 3 spike-in control miR-
NAs: cel-miR-39-3p, miRTC (miRNA reverse transcription control, included in the reverse transcrip-
tion (RT) kit), and PPC (positive PCR control, synthetic spike-in control included in the SYBR Green
PCR mix). Briefly, the commercial miRNeasy serum/plasma kit (Qiagen) was used to extract RNA
from 200 pl serum. The serum samples were lysed with 1,000 ul Qiazol and spiked with 3.5 pl syn-
thetic cel-miR—-39-3p (1.6 x 108 copies/ul). Chloroform (200 pl; MilliporeSigma) was used for phase
separation at 4°C and 12,000 g. The aqueous phase (600 pl) was transferred into an RNeasy MiniElute
spin column and subsequently washed with 100% ethanol, buffer RWT, buffer RPE, and 80% ethanol
(VWR). The total RNA fraction was eluted with 14 pul RNase-free water (MilliporeSigma).
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For reverse transcription (miScript IT RT kit, Qiagen), 1.5 ul RNA was mixed with 1 pl reverse tran-
scriptase, 2 pul RT buffer, 1 ul nucleic acid mix, and 4.5 pl RNase-free water. Samples were incubated for 60
minutes at 37°C and 5 minutes at 95°C.

The RT product (2 pl) was diluted 22-fold with 42 pl nuclease-free water and used for quantification
of synthetic spike-in RNA molecules: cel-miR-39-3p and miRNA reverse transcription control (miRTC)
in 10 ul RT-qPCR reactions. To this purpose, 2 ul of the diluted RT product was mixed with 5 ul SYBR
Green PCR mix, 1 pl universal primer, 1 pl miRNA specific primer, and 1 pl RNase-free water. Sam-
ples were incubated at 95°C for 15 minutes, followed by 40 cycles of denaturation (15 seconds at 94°C),
annealing (30 seconds at 55°C), and extension (30 seconds at 70°C).

For the preamplification reaction (miScript PreAMP PCR Kit, Qiagen), 5 ul of 5-fold diluted RT product
was mixed with 5 pl preamp buffer, 2 ul DNA polymerase, 5 pl target specific assay pool, 1 ul universal primer
mix, and 7 ul RNase-free water to obtain a 25 ul preamplification reaction. Samples were incubated at 95°C
for 15 minutes, followed by 2 cycles of denaturation (30 seconds at 94°C), annealing (60 seconds at 55°C),
and extension (60 seconds at 70°C) and 10 additional cycles of denaturation (30 seconds at 94°C) and 1-step
annealing/extension (3 minutes at 60°C). Nuclease-free water (100 pl) was added to the 25 ul preamplification
product in order to obtain a 5-fold dilution.

For miRNA quantification on the preamplified product, 5 ul RT-qPCR reactions were prepared for
each miRNA and each sample. Plates (384-well) prespotted with 1X miRNA RT-qPCR primer assays were
used. RT-gPCR mix was prepared for each multiwell plate by mixing 1,025 pl SYBR Green PCR mix, 205
ul universal primer mix, 50 ul preamplified template cDNA, and 770 ul nuclease-free water and dispensed
by a Tecan Evo75 liquid handler (5 pl per well). The cycling conditions for quantitative PCR consisted of
an initial activation step (15 minutes at 95°C) and 40 cycles of denaturation (15 seconds at 94°C), annealing
(30 seconds at 55°C), and extension (30 seconds at 70°C). The synthetic spike-in control PPC was included
in the SYBR Green PCR mix PPC.

All RT-qPCR reactions were performed on a CFX384 Real Time PCR Detection System (Bio-Rad).
Cq values were determined by the CFX software manager version 3.1 with the regression Cq value
determination mode.

Quality control of the RT-gPCR data. Quantification of cel-miR-39-3p, added to the serum samples
during lysis, was used as processing control of the serum RNA isolation. Two samples with no detec-
tion of cel-miR—39-3p were excluded from the study. miRTC level differences between serum samples
and negative control samples (water mixed with MS2 phage RNA) were used to evaluate RT efficiency
and RT-gqPCR inhibition. Twenty-two serum samples were excluded due to a miRTC Cq value of 1
cycle higher than the negative control samples. PPC levels across all 384-well plates were used to assess
deviating global Cq shifts as result of interrun variation, batch-effect, or technical failure.

The Cq detection cut-off was determined based on evaluation of single positive signals obtained from
replicate miRNA expression data, as described in ref. 14. In the current study, 2 NB sample pools were used
instead of technical replicate samples. The fraction of single positive results was reduced by 95% at Cq
value 29, which was chosen as Cq detection cut-off.

The RT-qPCR reproducibility was assessed for 4 representative sequences in all tested samples: hsa-
miR-1224-5p, endogenous human microRNA; cel-miR-39-3p, synthetic C. elegans microRNA spiked
into each serum sample to assess RNA extraction efficiency; miRTC, short synthetic RNA sequence that
is spiked by the manufacturer into the reverse transcription master mix; and PPC, short synthetic DNA
sequence that is spiked by the manufacturer into the RT-qPCR master mix. For 97% of the duplicate reac-
tions, ACq values lower than 0.5 were observed, indicating a high RT-qPCR repeatability.

Collection and processing of murine serum samples. miRNA expression profiles from murine serum were
generated through small RNA sequencing of serum samples from 8 female mice bearing orthotopic NB
xenografts and 8 control (nonengrafted) female mice. Human luciferase-SH-SY5Y NB cells (1 x 10°) were
surgically implanted in athymic immunodeficient NCr nude mice under the subrenal capsule (15). Tumor
size was assessed 14 days and 23 days after injection of NB cells, by measurement of luciferase intensity.
Blood (100 pl) was collected 6 days before, 11 days after, and 25 days after tumor cell injection in serum
BD Vacutainer tubes, allowed to clot at room temperature for 45 minutes, and then centrifuged at 2,000
g for 15 minutes at 4°C using a fixed angle rotor. The resulting serum (50 pl) was used for RNA isolation
with the miRNeasy serum/plasma kit (Qiagen). Subsequently, transfer RNA (tRNA) fragment depletion
was performed as described in ref. 16. The tRNA depleted RNA samples were then suspended in 7.5 pl
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RNase-free water and used for small RNA library preparation by TruSeq small RNA library preparation
kit v2 (Illumina). Library size selection was performed on a Pippin Prep (Sage Science) device with a
specified collection size range of 125-153 bp. Libraries were further purified and concentrated by precip-
itation and quantified using RT-qPCR. Subsequently, equimolar library pools were prepared and further
diluted to 4 nM. The pooled library was sequenced at a final concentration of 1.2 pM on a NextSeq 500
using high output v2 kits (single-end, 75 cycles, Illumina). Quantification of small RNAs was done using
Cobra, Biogazelle.

Processing of the serial NB serum samples. RNA from the serially collected serum samples (200 pl) was
extracted using the miRNeasy serum/plasma kit (Qiagen). Additionally, 10 RNA samples from cohort
1 that have the highest and lowest average abundance level of the 9 disease-burden miRNA markers
were reprofiled to serve as control samples. miRNA abundance levels of these samples were profiled by
RT-qPCR, using miScript Primer Assays (Qiagen) for the 9 disease-burden miRNA markers (miR-375
[MS00031829], miR-873-3p [MS00037835], miR—-149-5p [MS00003570], miR—-124-3p [MS00006622],
miR-218-5p [MS00006769], miR—490-5p [MS00009786], miR-323a-3p [MS00037219], miR-10b-3p
[MS00008421], and miR—129-5p [MS00006643]) and 8 reference miRNAs (miR-3909 [MS00023513],
miR-1203 [MS00014154], miR—4800-5p [MS00038962], miR-4755-5p [MS00039417], miR-877-3p
[MS00010654], miR-1976 [MS00016751], miR-766-3p [MS00005439], and miR—532-3p [MS00010052]).

RT and preamplification was performed as described in ref. 13. For preparation of the miScript PreAmp
Primer Mix, 70 ul of RNase-free water was mixed with 10 pl miRTC miScript Primer Assay and 10 pl of each
of the 10x target miScript Primer Assays (diluted in 550 pl TE, pH 8.0).

miRNA quantification was performed in 10 pl RT-qPCR reactions, consisting of 5 ul SYBR Green
PCR mix, 1 pl 10X miScript Universal Primer, 1 pl 10X target miScript Primer Assay, 1 ul nuclease-free
water, and 2 pl 5-fold diluted preamplification product. RT-qPCR reactions were performed on a LightCy-
cler 480 (LC480) system (Roche Diagnostics). Cycling conditions were as described above. Cq values were
determined by the LC480 software, using the second derivative maximum method.

Statistics. In order to define the NB serum miRNome, pairwise comparisons of miRNA expression of
the 3 serum pools was performed to select miRNAs detected in at least 1 of the serum pools based on 3
selection criteria. First, miRNAs with ACq larger than 1.5 between 2 pools were selected (303 miRNAs).
Second, miRNAs showing Cq values below 27 in 1 sample and an absent signal (Cq > 29) in the other
sample were selected (90 miRNAs). The final selection criterion was based on detection (Cq < 28) in the
high-risk serum pools (358 miRNAs). This resulted in a total of 751 unique miRNAs that were subsequent-
ly profiled in a first patient cohort of 131 individual serum samples. A second patient cohort containing 54
NB serum samples was independently collected at a later stage of the study and processed by a different
batch of miRNA expression profiling reagents.

A threshold Cq value of 29 was determined based on the evaluation of single positive signals obtained
from replicate miRINA expression data, as described in ref. 14.

After removal of Cq values above 29 cycles, miRNAs with missing values in more than 75% (an empir-
ically chosen threshold) of the samples were excluded from the dataset. This led to exclusion of 8 miRNAs.

Raw Cq data were normalized as described in ref. 17. Briefly, the arithmetic mean Cq for each miRNA
across all samples was determined and subtracted from individual Cq values (i.e., mean centering of the
miRs). Then, the arithmetic mean Cq value per sample was calculated across all miRNAs and subtracted
from each individual Cq value to obtain normalized miRNA expression values per sample.

GAM, Mann-Whitney U test and 1-way ANOVA was performed using R statistical programing
tool version 3.4.3.

For the evaluation of the variance of miRNA abundance in serum by GAM analysis (18), the following
mathematic model was used:

miRNA expression, = (B, X INSS tumor stage) + (B, X MYCN status) + (B, X survival) + (B, X age
at diagnosis),

Where i represents miRNA 1 to miRNA 743, B, , represents the coefficient of the prediction model
for INSS tumor stage (stage 1, 2, 3, 4, 4S coded from 1-5); MYCN status (normal=0, amplified=1),
survival (alive=0, dead=1), and age at diagnosis (younger than 18 months=0, older than 18 months=1).

GAM analysis was performed by R statistical programming, version 3.4.3, shown in Supplemental Data 1.

For evaluation of the significance of miRNA abundance increase in murine serum in function of time,
linear mixed-effects model analysis was used, assuming random effects (Supplemental Data 1).
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In order to evaluate the increase in hazard ratio in function of miRNAs levels in serum, Cox propor-
tional hazards regression model was applied (Supplemental Data 1). Comparison of median survival times
between patients with low and high abundance of the metastatic disease markers in serum and for construc-
tion of Kaplan-Meier plots is shown in Supplemental Data 1.

For data analysis of the serial NB serum samples and control samples that were reprofiled, raw Cq data
were analyzed using gbase+ version 3.1 (Biogazelle) (19). Reference target stability was evaluated using
geNorm analysis in gbase+; only 4 stably expressed reference miRNAs (miR—4755-5p, miR—4800-5p,
miR-3909, and miR~766-3p) were retained for normalization. Log,, transformed normalized data were
exported from gbase+ and used for further analysis in R.
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