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abstract

PURPOSE Elevated urinary 3-methoxytyramine (3MT) level at diagnosis was recently put forward as independent
risk factor for poor prognosis in neuroblastoma. Here, we investigated the biologic basis underlying the putative
association between elevated 3MT levels and poor prognosis.

METHODS Urinary 3MT levels and prognosis were investigated in both retrospective Italian (N = 90) and
prospective Dutch (N = 95) cohorts. From the Dutch Cancer Oncology Group cohort (N = 122), patients with
available urinary 3MT and gene expression data (n = 90) were used to generate a 3MT gene signature. The 3MT
gene signature score was then used to predict survival outcome in the Children’s Oncology Group (N = 247) and
German Pediatric Oncology Group (N = 498) cohorts and compared with other known gene signatures. Im-
munohistochemistry of MYCN and dopamine β-hydroxylase proteins was performed on primary tumors.

RESULTS Elevated urinary 3MT levels were associated with poor prognosis in a retrospective cohort and a
prospective cohort. Moreover, elevated urinary 3MT levels were associated with eight differentially expressed
genes, providing a 3MT gene signature that successfully predicted poor clinical outcome. Even among low-risk
patients, high 3MT signature score was associated with poor 5-year overall survival (72% v 99% among low-risk
patients with a low 3MT signature score), and the 3MT signature score was correlated with MYC activity in the
tumor (R = 82%, P , .0001). Finally, a strong MYCN and weak dopamine β-hydroxylase staining of tumors
derived from patients with elevated urinary 3MT levels was observed, linking MYC activity in the tumor to both
catecholamine biosynthesis and elevated urinary 3MT levels.

CONCLUSION Elevated urinary 3MT is a promising biomarker for poor prognosis and reflects increased MYC
activity in the tumor. Therefore, urinary 3MT levels should be measured at diagnosis and may assist in assessing
risk.
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INTRODUCTION

Neuroblastoma is the most common extracranial pe-
diatric solid tumor, accounting for approximately 15%
of pediatric cancer‒related deaths.1 Patients with
neuroblastoma are typically allocated into specific risk
groups on the basis of a variety of factors such as the
disease stage, the patient’s age at diagnosis, and
amplification of the MYCN gene (MNA).2,3 These risk
groups were originally developed to optimize the
match between expected disease severity—defined as
event-free survival (EFS) and overall survival (OS)—
and treatment intensity.2,3 Nevertheless, new risk
factors that might be correlated more accurately with
disease severity are continually being investigated to
improve upon the existing models used to assess
risk.2-6 Currently, tumor biopsy is routinely performed
to confirm the diagnosis and to obtain material for
molecular diagnostics (eg, MYCN status).7,8 However,

because a biopsy typically represents only a portion of
the entire tumor, it may not necessarily reflect the
biologic state of the entire tumor.9 By contrast, tumor
biomarkers such as metabolites and cell-free nucleic
acids can be detected in blood and/or urine samples,
thereby providing amore complete clinical picture with
respect to the entire tumor.10-12

We previously reported that elevated levels of urinary
3-methoxytyramine (3MT) at time of diagnosis are
correlated with poor outcome in patients with neuro-
blastoma, independent of other risk factors such as
disease stage, the patient’s age, and MNA status when
tested in multivariate analyses.11 Furthermore, even
among high-risk patients and patients with MNA, el-
evated urinary 3MT levels were able to accurately
identify patients with significantly worse prognosis.11

The biologic basis underlying the association between
elevated 3MT levels and poor prognosis is currently
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unknown, given that 3MT levels were not correlated with
tumor burden11 and given that 3MT is a degradation
metabolite of dopamine with no known biologic activity.13

Here, we analyzed matched tumor gene expression profiles
and urinary 3MT levels and demonstrated that urinary 3MT
levels strongly reflect MYC activity in the tumor.

METHODS

Patient Cohorts

Urinary 3MT levels were analyzed in a retrospective Italian
cohort (N = 90) and a prospective Dutch cohort (N = 95,
Fig 1A; for additional information, see the Data Supple-
ment). All urine samples were collected at diagnosis.
Urinary 3MT was extracted and analyzed as described
previously,14 and elevated 3MT was defined as exceeding
the published prognostic cutoff value of a . 2.9-fold
change,11 which is calculated as 3MT concentrations
per mmol creatinine divided by the upper limit of the age-
related reference range. The Dutch Cancer Oncology Group
(DCOG) cohort (N = 122; GSE16476 and GSE73537,
Fig 1B) was used to establish a correlation between urinary
3MT levels and gene expression data. In 32 patients of this
DCOG cohort, urinary 3MT levels were not available. Uri-
nary and outcome data of these 90 patients were included
in a previous publication.11 Patients from whom both urine
and gene expression data were available were allocated
into a DCOG test cohort (n = 64, GEO accession number
GSE16476) and a DCOG validation cohort (n = 26,
GSE73537) on the basis of the expression data set that
contained the profiling of their primary tumor. To investigate
the correlation between the 3MT gene signature and out-
come, we used gene expression data (Fig 1C) from the
previously published Children’s Oncology Group (COG,
N = 24715) and German Pediatric Oncology Group (GPOH,
N = 498, GSE62564).16 The clinical characteristics of all
cohorts are described in the Data Supplement. This study
was approved by the local medical ethics committee.

Statistics and Bioinformatics

Median follow-up was calculated using the reverse Kaplan-
Meier method. EFS and OS were calculated using the
Kaplan-Meier method in combination with the log-rank test
(SPSS version 25.0; IBM Corp, Armonk, NY). Multivariate
analyses were performed using Cox proportional regression
(SPSS). All gene expression data sets used in this study are
available in the R2 bioinformatics platform,17 and all an-
alyses were performed using R2 (see the Data Supplement
for further information). Using the DCOG test cohort
(n = 64), gene expression was compared between patients
with elevated and nonelevated urinary 3MT. Differentially
expressed genes with P, .001, after correction for multiple
testing (false discovery rate), were selected to form the 3MT
gene signature. To test the accuracy of the 3MT gene
signature, the DCOG validation cohort (n = 26) was divided
into a high and low 3MT signature score using k-means
analysis, which was subsequently compared with the ac-
tual urinary 3MT status. Finally, the 3MT gene signature
scores were compared with the actual urinary 3MT status
using Pearson’s correlation.

Immunohistochemistry

Sections of primary tumor samples were stained for MYCN
and dopamine β-hydroxylase (DBH) using standard im-
munohistochemistry methods as previously described.12,18

RESULTS

Validation of Urinary 3MT As a Prognostic Biomarker

First, we confirmed the association between elevated uri-
nary 3MT levels at diagnosis and poor clinical outcome in
the retrospective Italian and the prospective Dutch cohorts,
which had a median follow-up of 4.9 years (interquartile
range: 1.7-9.0 years) and 2.2 years (interquartile range:
1.2-3.1 years), respectively. In the retrospective Italian
cohort, patients with elevated urinary 3MT levels had sig-
nificantly worse EFS (Fig 2A) and OS (Fig 2C) compared
with patients without elevated 3MT levels. Similarly, in the
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prospective Dutch cohort, both EFS (Fig 2E) and OS
(Fig 2G) were significantly lower among the patients with
elevated urinary 3MT levels. Multivariate analysis in the
prospective Dutch cohort (Figs 2F and 2H) confirmed that
elevated urinary 3MT is a novel risk factor for poor EFS
(P = .003), independent of expected risk factors like dis-
ease stage, the patient’s age, MNA status, and loss of
heterozygosity of chromosome 1p. These results support
the association between elevated urinary 3MT levels and
poor clinical outcome in neuroblastoma. Multivariate an-
alyses in the retrospective Italian cohort could not confirm

the independence of 3MT as risk factor for EFS and OS
(Figs 2B and 2D).

Urinary 3-MT Level Is Associated With a Specific Gene

Expression Pattern

Next, we compared the gene expression profiles in the
DCOG test cohort (n = 64 patients) between patients with
elevated urinary 3MT and patients without elevated uri-
nary 3MT, defined using our previously reported prog-
nostic cutoff value.11 We found that elevated urinary 3MT
levels were significantly correlated (P , .01) with the
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(N = 90)
a

Prospective Dutch cohort

(N = 95)
a

Validation of urinary 3MT as a prognostic biomarker
(Fig 2) 
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C

3MT gene signature 

Confirming the correlation between 3MT gene signature and
prognosis (Fig 4) 

Comparison of 3MT gene signature to other
gene signatures (Fig 5) 

COG cohort
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c

Correlation between 3MT gene signature and
MYC activity (Fig 6) 
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Correlation 3MT gene signature with outcome in the DCOG
cohort (N = 122; GSE16476 and GSE73537; Figs 3D and 3E) 

Generation and validation of the 3MT gene signature
(Figs 3A-3C) 

FIG 1. Flow chart depicting the analyses and cohorts included in this study. (A) The retrospective Italian cohort and the prospective Dutch
cohort used to validate the putative association between elevated urinary 3MT levels and poor clinical outcome. (B) The DCOG cohort
(N = 122; GSE16476 and GSE73537) that was used to generate the 3MT gene signature, by differential expression of genes in patients with
and without elevated urinary 3MT levels. As in 32 patients urinary 3MT was not measured, the remaining 90 patients with neuroblastoma
with urinary 3MT and gene expression data were allocated into a test cohort and a validation cohort on the basis of the expression data set
that contained the profiling of their primary tumor (n = 64 GSE16476 and n = 26 GSE73537, respectively). The relation of the 3MT high and
low signature, determined by k-means analysis, was next studied in this cohort. (C) The COG cohort15 and the GPOH cohort (GSE62564)
that were used to confirm the correlation between the 3MT gene signature with prognosis andMYC activity. The numbers of patients of each
data set are given in parentheses. All data sets are available via the R2 platform, GEO web site, and Target web site (COG). aThe Italian and
Dutch cohorts were significantly different for age (P = .02), disease stage (P = .002), risk group (P = .013), MYCN status (P = .02), LOH1p
(P ≤ .0001), and deceased patients (P = .01). bNo statistically significant differences were observed between the DCOG test and validation
cohorts. cThe COG consisted of 87% high-risk and the GPOH of 37% high-risk patients. P values of all clinical characteristics are described
in the Data Supplement. Statistical significance was evaluated using the chi-square test. 3MT, 3-methoxytyramine; COG, Children’s
Oncology Group; DCOG, Dutch Cancer Oncology Group; GPOH, German Pediatric Oncology Group; LOH1p, loss of heterozygosity of
chromosome 1p.
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FIG 2. Patients with elevated 3MT have
reduced EFS and OS compared with pa-
tients without elevated 3MT. (A) Kaplan-
Meier curve of EFS and (B) forest plot on
the basis of the results of the multivariate
analysis for EFS for patients in the retro-
spective Italian cohort (N = 90). (C)
Kaplan-Meier curve of OS and (D) forest
plot on the basis of the results of the
multivariate analysis for OS are plotted for
patients in the retrospective Italian cohort
(N = 90). (E) Kaplan-Meier curve of EFS
and (F) forest plot on the basis of the
results of the multivariate analyses of EFS
for patients in the prospective Dutch co-
hort (N = 95). (G) Kaplan-Meier curve of
OS and (H) forest plot on the basis of the
results of the multivariate analysis for OS
are plotted for patients in the prospective
Dutch cohort (N = 95). Elevated urinary
3MTwas defined as a . 2.9-fold increase
at diagnosis. 3MT, 3-methoxytyramine;
EFS, event-free survival; INSS, Interna-
tional Neuroblastoma Staging System;
LOH1p, loss of heterozygosity of chro-
mosome 1p; MNA, MYCN amplification;
OS, overall survival.
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downregulation and upregulation of 76 and 86 genes,
respectively (Data Supplement). After adjusting the cutoff
value to achieve a P value , .001, a total of eight differ-
entially expressed genes remained and were used establish
a 3MT gene signature; specifically, the SRR, PLXNC1, FBX
O30, and CHD5 genes were downregulated, and theUTP4,
EEF1AKNMT, NCBP2AS2, and CA5BP1 genes were
upregulated (Fig 3A; see the Data Supplement for the
function of these genes). We then performed a k-means
analysis on the basis of the 3MT signature scores to predict
urinary 3MT level in the DCOG cohort (n = 26 and 64
patients in the validation and test cohorts, respectively).
Sensitivity, specificity, and accuracy of the 3MT gene
signature to predict urinary 3MT level of the test cohort and
validation cohort are shown in the Data Supplement. We
found that the 3MT signature correctly predicted urinary
3MT level in 80 of 90 cases (89%; Fig 3B). Given that
tyrosine hydroxylase (TH, encoded by the TH gene) is the
rate-limiting enzyme in catecholamine biosynthesis,12 we
then measured TH expression in the four patient clusters
defined by their 3MT signature score and 3MT level
(Fig 3B) and found that the group with high 3MT signature
scores but without elevated urinary 3MT (ie, the five pa-
tients in the top-left quadrant in Fig 3B) had significantly
lower TH expression compared with the other three patient
groups (P, .05, Data Supplement). Moreover, we found a
strong positive correlation between the 3MT signature
scores and urinary 3MT levels (Fig 3C). Finally, we ex-
amined EFS and OS in the entire DCOG cohort (N = 122)
stratified by 3MT signature scores. We found that the 50
patients with a high 3MT signature score had significantly
poorer survival compared with the 72 patients with a low
3MT signature score (Figs 3D and 3E). These results
suggest that the 3MT gene signature score may serve as a
surrogate marker for urinary 3MT levels.

The 3MT Gene Signature Score As a Prognostic Factor

To confirm the putative association between a high 3MT
signature score and poor outcome, we also performed a k-
means analysis using the COG cohort (N = 247) and GPOH
cohort (N = 498). In both the COG and GPOH cohorts, the
patients with a high 3MT signature score had significantly
poorer EFS (Figs 4A and 4C, respectively) and OS (Figs 4B
and 4D, respectively) compared with patients with a low
3MT signature score (all P, .001). Multivariate analyses of
both cohorts revealed that a high 3MT signature score is an
independent risk factor for poor EFS (Figs 4I and 4K) and
OS (Figs 4J and 4L). In addition, we repeated the analysis of
EFS and OS separately for the subset of patients in the
GPOH with localized disease (International Neuroblastoma
Staging System stage 1-3) without MNA (Figs 4E and 4F)
and for the subset of patients in the GPOH cohort with high-
risk disease (Figs 4G and 4H). In both subsets, the patients
with a high 3MT signature score had significantly poorer
EFS and OSmortality compared with the patients with a low
3MT signature score. Similar results were obtained after we

excluded patients with MNA from the high-risk patient
group in the GPOH cohort (Data Supplement), consistent
with our results obtained for the COG cohort, which consists
primarily of high-risk patients. The results provided in this
article show the association between a high 3MT signature
score and poor outcome. Analysis on the basis of different
cohorts suggest an association between 3MT gene sig-
nature score and survival outcomes among patients with
either low-risk or high-risk neuroblastoma.

The 3MT Gene Signature Score Can Predict MYC Activity

Performing a direct gene ontology analysis failed to link the
3MT gene signature with any specific biologic process (data
not shown). Therefore, we looked for possible correlations
between the 3MT gene signature and other known gene
signatures from the Broad Institute (the Oncogenic, Hall-
marks, and Curated databases) and the KEGG database and
found, among other correlations (Data Supplement), several
strong positive correlations with MYC-related processes
(Fig 5A).We then examined the correlation between the 3MT
gene signature and both a knownMYCN activity signature18

and the recently identified MYC activity signature.19 We
found strong positive correlations between our 3MT signa-
ture and both the MYCN (Fig 5B) and MYC (Fig 5C) sig-
natures. Finally, we performed a k-means analysis to
categorize the GPOH cohort into patients with high tumoral
MYC activity and patients with low tumoral MYC activity. On
the basis of their MYC activity status and 3MT signature, the
patients were allocated into four distinct groups (Fig 5D),
demonstrating that the 3MT signature accurately predicted
MYC activity in the tumor in 436 of 498 patients, with a
sensitivity of 87% and specificity of 88%.

Given that MNA can also provide an indication of high MYC
activity in the tumor, we then focused on the subset of
patients with MNA (indicated by the red symbols in Fig 5D).
We found that MNA predicted high MYC activity tumor with
a sensitivity of 59% and a specificity of nearly 100%; thus,
the presence of a high 3MT gene signature score may be a
more suitable biomarker than MNA with respect to high
MYC activity in the tumor. As shown in Figure 5D, 8% of
patients with a high 3MT signature score had low MYC
activity, and 4% of patients with a low 3MT signature score
high MYC activity. Strikingly, we also found that patients
with a high 3MT signature score—regardless of their MYC
activity status—had poorer EFS and OS compared with
patients with a low 3MT signature score (Figs 5E and 5F).
Interestingly, however, the OS of patients with a high 3MT
signature score was significantly worse in the subset of
patients with high MYC activity (P = .008; Fig 5F), whereas
EFS was not affected by MYC activity in the subset of
patients with a high 3MT signature score (Fig 5E).

Increased MYC Activity May Underlie the Increase in

Urinary 3MT Levels

Previously, we reported that MNA was correlated with
both elevated 3MT levels and decreased levels of the
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catecholamine metabolite vanillylmandelic acid in two in-
dependent cohorts.14 Given our finding that the 3MT gene
signature is strongly correlated with MYC activity in the
tumor, we investigated whether high MYC activity is linked
to catecholamine metabolism and elevated urinary 3MT
levels. We found that patients with high tumoral MYC ac-
tivity had significantly higher levels of urinary dopamine and
3MT and significantly lower levels of vanillylmandelic acid
and the metabolite normetanephrine compared with pa-
tients with low tumoral MYC activity (Fig 6A). Taken to-
gether, these results suggest that high MYC activity may
affect the conversion of dopamine to norepinephrine by
downregulation of the enzyme DBH (Fig 6B). To tests this
theory,MYCN was overexpressed inMYCN single-copy cell
lines. High MYCN protein expression was accompanied by
a profound decrease in DBH protein expression (Data
Supplement). The presence of doxycycline itself resulted in

only a small decrease in DBH suppression, which was
much less profound when compared with that observed in
clones with MYCN overexpression (Data Supplement).
Classification of the DCOG, COG, and GPOH cohorts into
high and low MYC activity groups using k-means analysis
and subsequently comparing DBH expression between
these two groups showed that high MYC activity was always
accompanied by significantly lower DBH expression
compared with the corresponding group with low MYC
activity (Fig 6C). These results were confirmed by staining
primary tumor samples for MYCN and DBH, which dem-
onstrated that the majority of neuroblastoma tumors with
high MYCN staining had low DBH staining, and vice versa
(Fig 6E). For example, in patient 583, the tumor had strong
MYCN staining and weak DBH staining, whereas the tumor
in patient 105 had weak MYCN staining and strong DBH
staining (Fig 6D). Thus, overall, the patients with elevated
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urinary 3MT levels had relatively low DBH expression, high
MYC activity, and a generally poorer prognosis compared
with patients without elevated urinary 3MT levels (Fig 6E).

DISCUSSION

In this study, we investigated the biologic basis underlying
the putative association between elevated urinary 3MT
levels and poor prognosis in patients with neuroblastoma
and identified a gene expression pattern associated with
increased urinary 3MT levels and high MYC activity.

Our results obtained from both retrospective Italian and
prospective Dutch cohorts support our previous finding that
an elevated urinary 3MT level above the prognostic cutoff
defined as a . 2.9-fold change11 is associated with poor
prognosis. Our previous finding that elevated 3MT levels
were associated with poor EFS11 independent of disease
stage, patient age, MNA status, and loss of heterozygosity of
chromosome 1p was confirmed in our prospective Dutch
cohort, but because of the relatively brief median follow-up
time (2.2 years), this could not be demonstrated for OS. In
the Italian cohort, with significantly more low-risk patients,
the 3MT correlation with EFS and OS was demonstrated by
Cox regression analyses only. Finally, because the Italian
(SIOPEN) and Dutch (DCOG) protocols differ with respect
to induction chemotherapy, consolidation chemotherapy,
and radiotherapy dosage (Data Supplement), our results
confirm our previous finding that the association between
elevated urinary 3MT levels and poor prognosis is not
therapy-dependent.11

Importantly, our analysis revealed that urinary 3MT levels
correspond to a specific gene expression pattern in the pri-
mary tumor—the so-called 3MT gene signature—in 89% of
cases. We previously reported that non–catecholamine-
excreting neuroblastoma tumors do not express the enzyme
TH.12 Consistent with this finding, the five patients in our study
who had a high 3MT signature score but nonelevated urinary
3MT levels also had significantly lower expression of tumoral
TH. With respect to the five patients who had a low 3MT
signature score but elevated urinary 3MT levels, it is con-
ceivable that the entire tumormay not have been represented,
as only a small portion of the tumor was used to isolate RNA.9

In using the 3MT gene signature as a proxy for urinary 3MT
levels, we confirmed the association between elevated uri-
nary 3MT levels and poor outcome in two international
cohorts of patients with neuroblastoma. This association was

observed for the entire cohort, which included all risk groups,
as well as among patients with high-risk neuroblastoma,
regardless of MNA status; moreover, high 3MT signature
scores were associated with poor prognosis independent of
disease stage, the patient’s age, and MNA status. Impor-
tantly, our results provide the first evidence that urinary 3MT
level has prognostic value in patients with low-risk neuro-
blastoma. Interestingly, a recent study described 3MT as a
promising marker for monitoring disease activity.20 The
presence of elevated urinary 3MT levels in patients initially
classified as low-risk might allow the upstaging of such
patients ensuring that they receive the most suitable
therapy.5,6 Currently, prospective validation of these findings
is carried out in a European cohort with the aim to assess
whether and how urinary 3MT levels at diagnosis should be
integrated into our risk-stratification model.

Gene ontology analysis was unable to link the 3MT gene
signature to any biologic process, likely because of the fact that
the 3MT signature consists of only eight genes, of which only
the CHD5 and PLXN1C genes were studied previously in the
context of neuroblastoma.21,22 The CHD5 gene is located on
chromosomal region 1p36.31, which is frequently lost in high-
risk neuroblastoma21; it is, therefore, conceivable that the 3MT
gene signature reflects a specific chromosomal aberration.
However, this is unlikely, given that all eight genes in the
signature are located on different chromosomes and/or
chromosomal arms. Moreover, comparing the 3MT gene
signature to other cancer-related gene signatures revealed a
strong positive correlationwithMYCactivity status in the tumor.

High MYC activity is generally associated with a more ag-
gressive clinical phenotype.18,19 However, in neuroblastoma,
only MNA has been used as a biomarker for MYC activity in
risk-assessment models,2,3 and MNA occurs in approxi-
mately 50% of patients with neuroblastoma with high MYC
activity.18 This finding is consistent with our own finding that
only 59% of patients with high MYC activity had MNA; the
remaining patients with increased MYC activity might be
explained by an amplification of c-MYC, although this is very
rare,23 and/or increased stability of theMYCNprotein or other
genetic aberrations.18,24 Furthermore, although rare, MNA
status can differ between cells in the primary tumor, as well
as between the primary tumor and its metastases.25,26 Taken
together, these results indicate the need for a more sensitive
biomarker for determining MYC activity in neuroblastoma. In
this respect, increased urinary 3MT levels provide a far more

FIG 5. (Continued). The 3MT sig. can accurately predict MYC activity in neuroblastoma. (A) The GPOH cohort (N = 498 patients) was used to compare the 3MT
gene sig. to gene signatures from the Broad Institute (Oncogenic, Hallmarks, and Curated databases) and KEGG database. Only gene signatures that were
correlated strongly with the 3MT sig. (defined as a correlation score. 0.75 or, −0.75) are shown. (B-C) The 3MT sig. score for each patient in the GPOH cohort
was plotted against the corresponding MYCN sig. score18 (B) and MYC sig. score19 (C). (D) A k-means analysis was used to categorize the patients in the GPOH
cohort as having a high 3MT sig. score or a low 3MT sig. score, and each patient is plotted against the corresponding MYC activity status. (E) EFS and (F) OS was
plotted for the indicated patient subgroups. 3MT, 3-methoxytyramine; EFS, event-free survival; GPOH, German Pediatric Oncology Group; OS, overall survival;
sig., signature. Elevated urinary 3-methoxytyramine (3MT) at diagnosis is an independent risk factor for poor event-free survival and poor overall survival in
neuroblastoma. Our analysis including gene expression data and urinary 3MT showed that increased urinary 3MT corresponds with tumor MYC activity.
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sensitive biomarker of high MYC activity in neuroblastoma.
Thus, circulating biomarkers such as urinary 3MT may re-
flect the biology of the entire tumor more accurately than a
genetic profile obtained from a biopsy.10-12 Future studies in
which urinary 3MT levels are comparedwithMNA status and
MYC activity—determined either from solid biopsies or liquid
biopsies—are warranted to support this correlation. Fur-
thermore, given the increasing availability of therapies that
target MYC/MYCN signaling,27 analyzing urinary 3MT levels
may help identify patients who would likely benefit from
these therapies.

Previously, MNA status was associated with specific pat-
terns of urinary catecholamines14,28 that were attributed to
decreased DBH expression.12,29 Here, we provide the first
evidence that bothMNA and highMYC activity are inversely
correlated with DBH expression in neuroblastoma mea-
sured at both the mRNA and protein levels. Furthermore,
we found that both elevated urinary 3MT levels and a high
3MT gene signature score were correlated with high MYC
activity and inversely correlated with DBH expression, in-
dicating that high MYC activity in neuroblastoma likely
underlies the increase in urinary 3MT levels.

Although we found high concordance (88%) between MYC
activity status and 3MT signature scores, we also identified

a subset of patients (8%) who had a high 3MT gene sig-
nature score but a low MYC activity, and poor outcome. It is
therefore conceivable that other oncogenic mechanisms
may also underlie the increase in urinary 3MT levels. In this
respect, it is interesting to note that several studies iden-
tified telomere maintenance as a key feature of high-risk
neuroblastoma associated with poor outcome.5,30,31 Telo-
meres are maintained by both MYC activity‒related (eg,
MNA) and MYC activity‒independent (eg, rearrangement
of the TERT gene) genetic alterations.30,31 Taken together,
it is therefore possible that elevated urinary 3MT
levels—similar to telomere maintenance—is a general
feature of high-risk neuroblastoma associated with multiple
genetic aberrations.

In conclusion, using both retrospective and prospective
cohorts, we found that an elevated urinary 3MT level at
diagnosis predicts poor outcome in patients with neuro-
blastoma, independent of disease stage, the patient’s age,
andMNA status. This association can be attributed—at least
to a large extent—to high MYC activity in the tumor. Thus,
urinary 3MT levels, which can be readily measured using a
variety of validated methods,32 may provide a noninvasive
method for determining MYC activity in the tumor, thereby
improving risk assessment in neuroblastoma.
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