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Neuroblastoma is a childhood developmental cancer; however, its embryonic origins remain poorly understood. 
Moreover, in-depth studies of early tumor-driving events are limited because of the lack of appropriate models. 
Herein, we analyzed RNA sequencing data obtained from human neuroblastoma samples and found that loss of 
expression of trunk neural crest–enriched gene MOXD1 associates with advanced disease and worse outcome. 
Further, by using single-cell RNA sequencing data of human neuroblastoma cells and fetal adrenal glands and 
creating in vivo models of zebrafish, chick, and mouse, we show that MOXD1 is a determinate of tumor develop-
ment. In addition, we found that MOXD1 expression is highly conserved and restricted to mesenchymal neuro-
blastoma cells and Schwann cell precursors during healthy development. Our findings identify MOXD1 as a 
lineage-restricted tumor-suppressor gene in neuroblastoma, potentiating further stratification of these tumors 
and development of novel therapeutic interventions.

INTRODUCTION
Neuroblastoma is the most common cause of pediatric cancer–
related death, with most patients diagnosed before 5 years of age 
(1). These tumors are typically found in the trunk, particularly the 
adrenal gland or paraspinal sympathetic ganglia (2–4). Despite re-
cent clinical trials with improved treatment protocols, 3-year event-
free survival rates for high-risk neuroblastoma remains around 
50 to 60% (5, 6). The location and age of onset of neuroblastoma 
reflects its embryonic origin from neural crest progenitor cells. Pa-
tients with neuroblastoma are categorized on the basis of a compos-
ite of prognostic factors aimed at addressing risk and treatment 
approaches. Among the prognostic factors are age at diagnosis, 
where older (over 18 months) patients present with worse outcome, 
status of the MYCN oncogene, and stage of disease (7). Further-
more, the high-risk neuroblastoma patients with a chromosomal 
loss of distal 6q demonstrate a notably diminished survival proba-
bility (8). A subset of high-risk neuroblastomas (denoted as stage 
4s) with widespread metastasis at diagnosis may undergo sponta-
neous and complete regression without therapeutic intervention. 
While neuroblastomas are highly malignant, other neuroblastic 
tumors such as ganglioneuroblastomas and ganglioneuromas, which 

similarly consist of abnormally growing and migrating immature 
neuroblasts, manifest as benign tumors and frequently remain 
asymptomatic.

During normal development, the neural crest arises from the 
posterior of the neural tube, which develops into the brain and spi-
nal cord, and undergo epithelial to mesenchymal transition (EMT). 
This results in neural crest migration away from the neural tube and 
into the rest of the body to form specialized cells throughout other 
organ systems, including the chromaffin cells of the adrenal medul-
la, peripheral sympathetic nerves, and Schwann cells, which support 
the peripheral nerves. Early pluripotent neural crest progenitors de-
velop into four groups of multipotent neural crest cells with unique 
fates—cranial, vagal, trunk, and sacral neural crest (9, 10). Neuro-
blastoma, primarily found in the trunk, is believed to develop from 
trunk neural crest; however, the founder cell types of neuroblasto-
mas are still unknown. To fully understand the initiation and early 
progression of neuroblastoma, we must identify genetic and epigen-
etic signatures and study the impact of introducing these defects on 
altering normal neural crest development.

Recent studies of the epigenomic and transcriptomic profiles of 
neuroblastoma identified two distinct cellular phenotypes that are 
suggested to affect neuroblastoma development and progression: 
lineage-committed adrenergic (ADRN) and immature neural crest–
like mesenchymal (MES) phenotypes (11, 12). ADRN cells have 
been found to grow more aggressively in mouse models, whereas 
MES cells grew more slowly and demonstrated increased resistance 
to treatment with chemotherapy and ALK inhibitors (12–14). Fur-
ther, established neuroblastoma cell lines can be categorized as 
MES, ADRN, or mixed/intermediate on the basis of their expression 
profiles (12, 15, 16). While the characterization of these phenotypes 
represents a critical step toward understanding neuroblastoma de-
velopment, their role in tumor evolution remains unclear as cells 
may switch between the two phenotypes. Other studies have recent-
ly attempted to map the cellular composition of normal developing 
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human and murine adrenal medulla to the features of neuroblasto-
ma cells with single-cell RNA sequencing (scRNA-seq) and have 
found that neuroblastoma cells relate to various stages of normal 
sympathetic neuron maturation (15, 17–28). However, discrepan-
cies in data interpretation, usage of different species and developmen-
tal time points, and analyses restricted to neuroblastoma subtypes 
warrant further investigation. Thus far, the classification of neuro-
blastoma as defined by their cellular origin is lacking.

Two studies of neural crest in avian development using in situ 
hybridization and bulk RNA-seq showed that Monooxygenase DBH-
like 1 (MOXD1), located at chromosome 6q23.2, is expressed in mi-
grating trunk neural crest cells (29, 30). While the essential functions 
performed by dopamine beta-hydroxylate (DBH), which belongs to 
the same copper monooxygenase family, in chromaffin cells and 
neurons of the central nervous system are well known, the function 
of MOXD1 remains elusive. MOXD1 is, however, highly conserved 
between humans and multiple translational models including chick-
ens, mice, and zebrafish. Thus, herein, we used these translational 
models to evaluate the impact of altered MOXD1 expression on neu-
roblastoma formation together with combined data obtained from 
correlative single-cell studies and patient tumor material.

RESULTS
The correlation between low MOXD1 expression and worse 
patient prognosis is a neuroblastoma-specific feature
We investigated the relationship between prognosis and the tran-
scriptomic profile in three independent publicly available cohorts of 
patients with neuroblastoma (Fig. 1 and fig. S1) and found that ex-
pression of MOXD1 is an independent predictor of survival in these 
patients (fig. S1, A to D). Stratifying patients from the Sequencing 
Quality Control (SEQC) cohort, previously reported by Zhang et al. 
(31), encompassing 498 individuals with neuroblastoma based on 
their MOXD1 expression revealed that tumors with the lowest (first 
quartile) MOXD1 expression had the worse overall survival 
(Fig. 1A). This relationship was confirmed in two additional neuro-
blastoma patient cohorts (fig.  S1, A and B) (32, 33). Further, we 
found that, in all three cohorts, low expression of MOXD1 predicted 
worse event-free survival (fig. S1, E to G). We further stratified the 
MOXD1 expression in the tumors from these individuals according 
to the International Neuroblastoma Staging System (INSS) stages 
and low- and high-risk groups and observed a negative correlation 
between MOXD1 and more advanced tumor stage and high-risk 
neuroblastomas (Fig. 1, B and C, and fig. S1, H and I). We observed 
that expression of MOXD1 increased in individuals with stage 4s 
disease, which presents with widespread metastatic disease at diag-
nosis but that remarkably regresses spontaneously without treat-
ment (Fig. 1B and fig. S1, H and I). Moreover, we detected that 
the MOXD1 expression was decreased in individuals older than 
18 months (Fig. 1D and fig. S1, J and K), an age category that is as-
sociated with worse prognosis. Stratifying patients according to 
their MYCN status, we observed that the MOXD1 expression was 
lower in MYCN-amplified tumors (fig. S1, L to N). Together, the re-
sults show that low expression of the trunk neural crest–enriched 
gene MOXD1 is an independent prognostic marker of poor outcome 
in neuroblastoma.

Next, we evaluated a subset of individuals with neuroblastoma 
for possible causes of low MOXD1 expression and found altered 
copy number profile, suggesting the presence of chromosomal losses 

surrounding the MOXD1 locus (6q23.2, fig. S2A). Furthermore, in a 
cohort previously presented by Depuydt et al. (8) containing infor-
mation on distal 6q chromosomal loss, we found that a subset of 
high-risk patients had a loss of MOXD1 of which correlated with an 
extremely low survival probability (Fig. 1, E and F). We confirmed 
that MOXD1 expression (as part of the gene set located at 6q23.2) 
was lower in tumor cells with loss of distal 6q (fig. S2B). Together, 
this demonstrates that the low expression or loss of MOXD1 is cor-
related with unfavorable disease in neuroblastoma.

MOXD1 protein expression is correlated with age in 
stage 4 tumors
We stained a tissue microarray (TMA) consisting of tumor tissue 
from a cohort of 50 patients with stage 4 and MYCN-amplified neu-
roblastomas by immunohistochemistry (Fig. 1G). Two tumors car-
ried a loss of the same locus of 6q as noted above (Fig. 1E). Albeit 
this cohort contains few tumors with loss of 6q, the numbers (2 of 
50; 4%) are consistent with a previously published cohort (5.9%) 
(8). We observed a heterogenous expression pattern of MOXD1 
across all tumors. Notably, the tumors bearing increased MOXD1 
expression demonstrated increased variation in intratumor expres-
sion intensity. Although there was no correlation to the outcome 
within this patient group with an already poor prognosis, the ex-
pression of the MOXD1 protein correlated to the age at diagnosis, 
with lower heterogeneity of MOXD1 observed in children aged be-
low 18 months (Fig. 1G). Both cases with loss of 6q were older than 
18 months, consistent with the findings observed in patients pre-
senting with poor prognosis. Tumors with loss of 6q presented 
with ~30% positive cells each, but only 1 and 4%, respectively, of 
them were stained with high intensity. These tumor samples were, 
thus, not depleted of MOXD1, indeed highlighting intratumor het-
erogeneity and the presence of surrounding nontumor cells in 
these tissues.

The prognostic role of MOXD1 is tumor-type specific
We evaluated whether low MOXD1 expression is specific to neuro-
blastomas by analyzing data from multiple other neural crest–
derived and nonneural crest–derived cancers. We found that MOXD1 
expression was significantly lower in neuroblastomas than in gan-
glioneuromas [Fig.  1H; sequencing data previously presented by 
Tao et al. (34)]. Malignant melanomas also derive from trunk neural 
crest, however, from cells migrating dorsally, as compared to neuro-
blastomas that descend from ventrally migrating cells. Comparing 
neuroblastoma to malignant melanoma using data from the Cancer 
Cell Line Encyclopedia cohort (35) showed that the MOXD1 expres-
sion was significantly lower in neuroblastoma (Fig. 1I). We noted 
that there was a small increase in expression of MOXD1 in meta-
static melanoma compared to primary lesions (Fig. 1J) using a data-
set previously presented by Cabrita et al. (36). We found no significant 
differences in MOXD1 expression between stages 1/2/3 and stage 4, and 
localized and metastatic, in colorectal [data previously presented by 
Marisa et al. (37)] and breast [data previously presented by Cheng et al. 
(38)] cancer, respectively, which are both cancers believed to arise 
from nonneural crest lineages (Fig. 1, K and L).

 MOXD1 is restricted to undifferentiated MES type cells 
in neuroblastoma
We analyzed a publicly available dataset of single-nuclei RNA-seq 
(snRNA-seq) from 11 neuroblastomas previously presented by 
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Fig. 1. The correlation between low MOXD1 expression and worse patient prognosis is a neuroblastoma specific feature. (A) Kaplan-Meier survival curves with 
log-rank P value for patients with neuroblastoma in the SEQC cohort (n = 498) stratified into quartiles based on the MOXD1 mRNA expression levels. (B and C) MOXD1 
expression in patients with neuroblastoma (SEQC cohort) stratified according to the INSS stages (B) or low-risk or high-risk (C). (D) MOXD1 expression in patients with 
neuroblastoma (SEQC cohort) stratified according to the age at diagnosis (<18 months versus >18 months). (E) Detailed view of gains (red) and losses (blue) on chromo-
some 6 from high-risk patients in the Depuydt cohort (n = 556). The black line indicates the chromosomal location of MOXD1 (6q23.2). Maximum size of aberration was 
set to 180 Mb. (F) Kaplan-Meier plot of overall survival of patients with high-risk neuroblastoma (Depuydt; n = 539). Patients stratified by loss of MOXD1 or no loss of 
MOXD1. Patients with distal 6q mutations not affecting MOXD1 and patients lacking overall survival information were excluded. (G) Representative images of tumor cores 
stained for MOXD1 in different age groups [≤ 18 months versus > 18 months at diagnosis (left)] and tumors with loss of 6q (right). *Statistical analysis of significant cor-
relations between MOXD1 expression and age at diagnosis. (H) MOXD1 expression in patients with ganglioneuroma versus neuroblastoma. (I) Expression of MOXD1 in 
malignant melanoma versus neuroblastoma; data extracted from the Cancer Cell Line Encyclopedia. (J) Expression of MOXD1 in the primary or metastatic malignant 
melanoma. (K) Expression of MOXD1 in colorectal cancer of stage 4 versus stages 1/2/3. (L) Expression of MOXD1 in localized versus metastatic breast cancer. (H) to (L) 
Number of patients (n) is depicted in the graphs.
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Bedoya-Reina et al. (17) and found that expression of MOXD1 was 
low in noradrenergic cell clusters and high in undifferentiated MES-
like tumor cell clusters (Fig. 2A). Further, we analyzed another data-
set containing chromatin immunoprecipitation sequencing data 
previously presented by Gartlgruber et al. (15) of 47 resected neuro-
blastoma samples and found that MOXD1 expression was elevated 
in the MES and EMT group with previously unknown clinical and 
biological features (Fig.  2B). Consistent with this, by analyzing a 
publicly available dataset previously presented by van Groningen 
et  al. (12), we found that the MES phenotypic cells had higher 
MOXD1 levels than the ADRN phenotypic cells (Fig. 2C). We next 
analyzed the sequencing data from three isogenic MES and ADRN 
cell line pairs and found that all three cell lines with a MES pheno-
type expressed MOXD1, whereas this expression was absent in the 
corresponding ADRN phenotypic cells (Fig. 2D).

Next, we detected that MOXD1, as well as the MES-associated 
PRRX1, SNAI2, and NOTCH2 genes were virtually restricted to the 
MES-like SH-EP cells (Fig. 2, E and F) by analyzing extracted RNA 
from five different conventional neuroblastoma cell lines. The three 

ADRN-like cell lines, as defined by van Groningen et al. (12), SK-N-
BE(2)c, SH-SY5Y, and IMR-32, and the more mixed ADRN/MES 
cell line, as defined by Boeva et al. (11) and Gautier et al. (39), SK-N-
SH were virtually devoid of MOXD1 and MES-associated markers, 
but they instead expressed the ADRN-associated genes PHOX2A, 
PHOX2B, and DBH (Fig. 2, E to G). Given that we observed a low 
expression of MES markers in the mixed phenotype SK-N-SH cells, 
we further analyzed the available scRNA-seq data for this cell line 
from Gartlgruber et al. (15). Although these cells indeed express the 
markers of both subtypes, the expression of ADRN markers is 
slightly more dominant (fig. S3, A to C). MOXD1 coexpressed with 
the MES marker PRRX1 (fig.  S3, A and B). We confirmed the 
MOXD1-restricted expression in three additional MES phenotypic 
cell lines using published bulk RNA-seq data (fig. S4) (11, 40).

Knockout of MOXD1 in neuroblastoma cells enhances tumor 
burden in an in vivo model
We analyzed microarray-derived expression data acquired from dis-
sected sympathetic ganglia from hyperplastic lesions at week 2 and 

A B C D
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Fig. 2. MOXD1 is expressed in MES-like neuroblastoma cells. (A) Mapping of MOXD1 mRNA expression in the t-distributed stochastic neighbor embedding (tSNE) of 
human neuroblastoma single nuclei data by Bedoya-Reina et al. (17). nCx (2, 3, 5, 7, 8, and 9) are selected clusters from the abovementioned published data. (B) Expression 
of MOXD1 in the cohort from Gartlgruber et al. (15). The groups include MES (mesenchymal), NMNA-HR/LR (MYCN nonamplified high-risk/low-risk), and MYCN (MYCN 
amplified). Number of patients (n) is depicted in the graph, and P values were generated by analysis of variance (ANOVA), followed by Fisher’s least significant difference 
(LSD) test. (C) The MOXD1 mRNA expression in neuroblastoma cells with ADRN and MES gene signatures. The number of samples (n) for each cell phenotype is depicted 
in the graph, and P value by t test as indicated. (D) RNA-seq–derived expression of MOXD1 in the isogenic neuroblastoma cell line pairs. (E) MOXD1 mRNA expression in 
three neuroblastoma cell lines with an ADRN phenotype (SK-N-BE(2)c, SH-SY5Y, and IMR-32), one with a mixed phenotype (SK-N-SH), and one with the MES phenotype 
(SH-EP) as assessed by qPCR. Error bars denote SD from n = 2 to 3 biologically independent repeats per cell line. (F and G) Expression of MES- (F) and ADRN- (G) associated 
genes as assessed by qPCR. n = 3 biologically independent repeats.
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tumor tissue at week 6 from the Tyrosine hydroxylase (TH)–MYCN–
driven neuroblastoma mouse model presented by De Wyn et al. (41) 
and found that MOXD1 expression steadily decreases with tumor 
progression (Fig. 3A). Mice without tumors (wild-type) maintained 
the MOXD1 expression levels in the corresponding sympathetic 
ganglia above baseline over time (Fig. 3A).

To evaluate the sufficiency of loss of MOXD1 to drive neuroblas-
tomas, we knocked out MOXD1 with CRISPR-Cas9 in the MES-
dominant SH-EP cells that express high endogenous levels of 
MOXD1 (Fig. 2E). We used the chorioallantoic membrane (CAM) 
assay. We implanted SH-EP MOXD1 knockout (KO) and respective 
control cells at the bifurcation of an allantoid vein on the CAM in 
fertilized eggs in vivo at embryonic day 10 (E10; Fig. 3, B and C). We 
found that implantation of MOXD1 knockout cells reduced the sur-
vival of embryos to 71% (n = 27 of 38) after 2 days (E12) of tumor 
growth and to as low as 5% (n = 2 of 38) after 4 days (E14; Fig. 3D) 
as compared to the lack of appreciable effect on survival of the host 

embryo until after 4 days (E14) and a decrease in viability to 29% 
(n = 8 of 28) with implantation of control cells (Fig. 3D). A substan-
tially higher number of tumors were formed with MOXD1 knockout 
cells (n = 20 of 27) at 2 days after implantation as compared to con-
trol cells (n = 10 of 28) (Fig. 3E). Knockout of MOXD1 resulted in 
larger tumors (Fig.  3F). As visualized before tumor dissection, 
the MOXD1 knockout cells were also more migratory (tumor and 
motile cells marked by dashed lines, Fig. 3G).

Knockout of MOXD1 increases tumor growth and penetrance 
in a neuroblastoma zebrafish model
We further investigated the impact of MOXD1 on neuroblastoma 
tumorigenesis using the Tg(dbh:MYCN; dbh:EGFP) zebrafish model 
generated by Tao et  al. (42), hereafter referred to as MYCN-TT 
(Fig.  4), which coexpresses enhanced green fluorescent protein 
(eGFP) and human MYCN under the control of the zebrafish dβh 
promoter, and found that there was a baseline tumor penetrance 

A B C
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Fig. 3. MOXD1 knockout (KO) in neuroblastoma cells increases tumor formation in vivo. (A) MOXD1 expression score analysis by RNA-seq [data from De Wyn et al. 
(2021)] of sympathetic ganglia from TH-MYCN mice (at 6 weeks of age, tumor tissue at the site of sympathetic ganglia was analyzed), and the corresponding sympathetic 
ganglia from wild type (WT) mice without tumors (n = 4 for each group and time point). The graph shows the mean expression score ± SD. (B) Schematic description of 
the CAM assay. Created with BioRender.com. (C) Confirmation of CRISPR-Cas9–mediated knockout of MOXD1 at protein level in neuroblastoma SH-EP cells by immuno-
fluorescence. DAPI (4′,6-diamidino-2-phenylindole) was used to counterstain the nuclei. (D) Survival of chick embryos as presented by the percentage of viable embryos 
at the indicated time points. Eggs implanted with control (CTRL) cells are marked in black and MOXD1 KO in red. Implanted eggs: n = 28 CTRL and n = 38 MOXD1 KO. 
(E) Number of eggs with detectable tumors as presented by percentage at D14. There are no error bars due to the absolute numbers. Implanted eggs: n = 28 CTRL and 
n = 38 MOXD1 KO. (F) Weight in milligram (mg) of the dissected tumors. Error bars indicate SEM and P value determined by t test. Note that there are few eggs involved 
in this analysis due to the high number of dead embryos and spread tumors that could not be completely dissected. Weighed tumors at D14: n = 5 CTRL and n = 2 MOXD1 
KO. (G) Representative images of the CAM in the respective group. Tumor area marked by dashed lines.

http://BioRender.com
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of 79% (Fig. 4A). We knocked out MOXD1 with high CRISPR 
mutation efficiency (Fig.  4B) and ablated the MOXD1 protein 
levels, which we confirmed in tumors dissected at 27 weeks post-
fertilization (wpf) (Fig.  4C). We found that MOXD1 knockout 
during the embryonic stage increased the tumor penetrance to 
100% (n = 21 of 21) (Fig. 4A). All MYCN-TT + MOXD1 KO fish 
developed tumors in the interrenal gland after 5 weeks. The analyses 
of the fish at 5, 17, and 27 wpf showed a remarkable difference in 
tumor size (visualized by fluorescence microscopy; Fig.  4D). Sec-
tioning of the dissected tumors at 27 wpf revealed differences in tis-
sue architecture, where the MYCN-TT–derived tumors comprised 
large amounts of connective tissue and contained smaller foci of 
cancer cells (Fig. 4E), while MYCN-TT + MOXD1 KO–derived 
tumors largely consisted of cancer cells (Fig. 4E). We also found 
that the proportion of mitotic cells [as measured by the phospho-
Histone H3 (PH3) expression] was higher in MOXD1 KO tumors 
(Fig. 4E).

MOXD1 overexpression in ADRN-like cells prolongs survival 
and reduces tumor burden in in vivo mouse models
To evaluate the effect of MOXD1 expression on tumorigenesis, 
we overexpressed MOXD1 in three cell lines with an in vitro domi-
nant ADRN phenotype [SK-N-BE(2)c, SK-N-SH, and 691-ADRN; 
Fig. 5], which, as we showed above, lack the expression of endoge-
nous MOXD1 (Fig. 2E) and verified this overexpression by quantita-
tive polymerase chain reaction (qPCR) and immunofluorescence 

staining (Fig. 5, A, B, E, and H). We then injected SK-N-BE(2)cCTRL 
and SK-N-BE(2)cMOXD1-OE cells subcutaneously into the flank of 
nude mice and found that mice injected with MOXD1-overexpressing 
cells presented with delayed tumor formation with a mean time of 
15 days [95% confidence interval (CI) 12.8 to 16.8] for tumors to 
reach a volume of 200 mm3 as compared to a mean time of 9 days 
(95% CI 4.9 to 14.0) for mice injected with empty vector control 
cells (Fig. 5C). The delay in tumor formation was reflected by pro-
longed survival (Fig. 5D). Further, we found that fewer mice inject-
ed with SK-N-SHMOXD1-OE cells developed tumors (Fig. 5F) and that 
this group showed prolonged survival (Fig.  5G). Injection of 
691-ADRNMOXD1-OE cells, which carry overexpression of MOXD1, 
resulted in prolonged survival (Fig. 5I). Notably, all surviving mice 
in the 691-ADRN MOXD1 overexpressing (MOXD1 OE) group 
were tumor free at the experimental end point (365 days) as compared 
to the CTRL group in which all mice had tumors (Fig. 5I). Subse-
quently, we cultured SK-N-BE(2)cCTRL and SK-N-BE(2)cMOXD1-OE 
cells in a three-dimensional colony formation system and found no 
difference in the number of colonies formed between these cells 
(fig. S5, A and B); however, the cells overexpressing MOXD1 formed 
smaller colonies (fig.  S5C). No differences were observed in two-
dimensional cell proliferation, Caspase-3 activity, neuronal dif-
ferentiation, chemotherapy resistance, cell motility, or angiogenic 
capacity between the groups (fig. S5, D to M). Together, these results 
demonstrate that expression of MOXD1 suppresses neuroblastoma 
tumorigenesis.

A

B C

D

E

Fig. 4. MOXD1 knockout (KO) accelerates tumor penetrance in zebrafish. (A) Summary of MYCN-TT and MYCN-TT + MOXD1 KO zebrafish with tumors. P value by 
Fisher’s exact test as indicated. (B) CRISPR mutation efficiency in MYCN-TT + MOXD1 KO and MYCN-TT zebrafish as determined by a tumor sample analysis on Miseq and 
analyzed using CRISPResso2.0 software (http://crispresso2.pinellolab.org/submission). (C) Confirmation of CRISPR-Cas9–mediated knockout of MOXD1 at protein level 
in tumors dissected from MYCN-TT only and MYCN-TT + MOXD1 KO zebrafish. Staining of MOXD1 by immunofluorescence. DAPI was used to counterstain the nuclei. 
(D)  epresentative images of zebrafish at 5, 17, and 27 wpf. At week 27, each fish was photographed from both sides (right and left lateral sides). Cancer cells were visual-
ized by fluorescence. Note that the images are not from the corresponding fish at each time point, but randomly picked from the whole population. (E) Hematoxylin 
staining to visualize the tissue of MYCN-TT and MYCN-TT + MOXD1 KO zebrafish tumors as well as staining with phospho-Histone H3 (PH3) visualizing mitosis. Arrowheads 
denote mitotic cells.

http://crispresso2.pinellolab.org/submission
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 MOXD1 overexpression reveals enrichment in the pathways 
associated with tumor growth and embryonic development
We performed RNA-seq on in vitro–cultured SK-N-BE(2)cCTRL and 
SK-N-BE(2)cMOXD1-OE cells and found 94 differentially expressed 
genes (DEGs) (Fig. 6, A and B). We then implanted the same in vitro 
grown cells into mice (tumor formation shown in Fig. 5C), resected 
the tumors at the experimental end point (volume >1800 mm3), and 
performed RNA-seq on these resected samples and retrieved a list of 
117 DEGs (Fig. 6, A and C). We found that both datasets had enriched 
MOXD1 expression in the samples from SK-N-BE(2)cMOXD1-OE 
cells and their derived tumors, respectively, confirming the main-
tained overexpression during prolonged culture in vitro and growth 
in vivo (Fig. 6, B and C).

To build on the observed relationship between MOXD1 expres-
sion and the MES phenotype (Fig. 2), we compared our in vivo RNA-
seq data (Fig. 6C) to the MES core signature defined by Thirant et al. 
(16). We found three major clusters (Fig. 6D), where the cluster with 
enrichment in the MOXD1 OE samples contained genes such as 
CD44, SOX9, and MEOX1, in addition to MOXD1. However, a 
MOXD1-driven full switch to an MES phenotype seemed unlikely 
on the basis of the results that the two other clusters entailed great 

variation within the groups, with ambiguous expression pattern for 
other known MES genes such as PRRX1 and SMAD3. To compare 
our in vivo MES signature with patient data, we separated the SEQC 
patient cohort into MOXD1Low (first quartile) and MOXD1High 
(fourth quartile) groups and observed that the MES core signature 
was enriched in MOXD1High tumors (Fig. 6E).

Next, we performed a gene ontology analysis on the DEGs 
retrieved from the in vivo RNA-seq data (Fig. 6C), which revealed 
enrichment in genes connected to several processes involved in tu-
mor growth, including the extracellular matrix and Notch signaling 
(Fig.  6F). Our analysis further highlighted genes involved in the 
regulation of ion transmembrane transport and intracellular local-
ization (Fig. 6F), which is consistent with the previously suggested 
copper ion-binding function of MOXD1 (43). At last, we observed 
an enrichment of genes involved in several processes connected to 
embryonic development (Fig. 6F).

 MOXD1 is enriched in SCPs
Building on the enrichment of genes involved in embryonic develop-
ment (Fig. 6, C and F) and the documented expression of MOXD1 in 
trunk neural crest cells (29, 30), we decided to analyze the expression 

A B C D

E F G H I

Fig. 5. MOXD1 overexpression in ADRN-like cells prolongs survival and reduces tumor burden in in vivo mouse models. (A and B) Confirmation of MOXD1 overex-
pression by lentiviral transduction at the mRNA (A) and protein (B) level in neuroblastoma SK-N-BE(2)c cells by qPCR and immunofluorescence, respectively. DAPI was used 
to counterstain the nuclei. Error bars denote SD from n = 3 biologically independent repeats. (C) Time to tumor formation in mice subcutaneously injected with SK-N-BE(2)
c cells transduced with an empty control vector or an MOXD1 overexpression (OE) vector determined by days to reach a volume of 200 mm3. The line indicates the mean 
and P value by Student’s t test as indicated (n = 10 in MOXD1 OE and n = 7 in CTRL). (D) Kaplan-Meier plot of the overall survival in mice of the indicated subgroup of SK-
N-BE(2)c (n = 10 MOXD1 OE, n = 7 CTRL). P value by the log-rank (Mantel Cox) test as indicated. (E) Confirmation of MOXD1 overexpression by lentiviral transduction at the 
mRNA level in neuroblastoma SK-N-SH cells by qPCR. Error bars denote SD from n = 3 biologically independent repeats. (F) Percentage of mice with tumors from the in-
dicated subgroup of SK-N-SH cells (n = 7 per group). P value by log-rank (Mantel Cox) test. (G) Kaplan-Meier plot of overall survival in mice of the indicated subgroup of 
SK-N-SH (n = 7 per group). P value by the log-rank (Mantel Cox) test as indicated. (H) Confirmation of MOXD1 overexpression at the mRNA level in neuroblastoma 691-
ADRN cells by qPCR. Error bars denote SD from n = 3 biologically independent repeats. (I) Kaplan-Meier plot of survival in mice of the indicated subgroups of 691-ADRN 
cells (n = 6 per group). P value by the log-rank (Mantel Cox) test as indicated.
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Fig. 6. MOXD1 enriches for pathways associated with embryonic development and its expression is restricted to SCPs. (A) Schematic illustration of in vitro grown 
SK-N-BE(2)c cells [MOXD1 overexpression (OE) or control] and in vivo tumors generated from the same in vitro grown SK-N-BE(2)c cells injected subcutaneously, collected 
for RNA-seq. Created with BioRender.com. (B and C) Heatmaps of the identified DEGs between wild-type (control) and MOXD1 OE SK-N-BE(2)c cells in vitro (B) and in vivo 
in mice (C). (D) Heatmap with unsupervised clustering analysis of MES core signature genes adapted from Thirant et al. (16) of the samples in (C). (E) Heatmap of MES core 
signature genes adapted from Thirant et al. (16) of the 25% of neuroblastomas with lowest MOXD1 expression versus the 25% neuroblastomas with highest MOXD1 ex-
pression in the SEQC cohort. (F) Gene ontology enrichment analysis of the DEGs in (C). (G) Mapping of MOXD1 expression on single cells from mouse neural crest and 
Schwann cell linages from Kastriti et al. (28). (H and J) Visualization of MOXD1 by cell-type clustering on a single-cell analysis of (H) mouse neural crest from Furlan et al. 
(44), (I) developing mouse adrenal medulla from Hanemaaijer et al. (23), and (J) human adrenal lineage from Jansky et al. (24). Color scale shows log2-transformed expres-
sion. BC, bridge cells; ChC, chromaffin cells; cNC, cranial neural crest; M, melanocytes; Nb, neuroblast; SC, Schwann cells; SCP, Schwann cell precursors; SN, sympathetic 
neurons; SRG, suprarenal sympathetic ganglion; tNC, trunk neural crest.

http://BioRender.com
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pattern of MOXD1 across various cell types during embryogenesis. 
Our analysis of publicly available scRNA-seq data from E9.5 to E12.5 
mouse embryos previously presented by Kastriti et al. (28) showed 
an enrichment of MOXD1 not only in trunk neural crest cells but 
also in Schwann cell precursors (SCPs; Fig. 6G). Further analyses of 
scRNA-seq data from precursor cells of the sympathoadrenal lineage 
during mouse development (44) and snRNA-seq data from mouse 
and human development (23, 24) consistently validated that MOXD1 
expression was highly enriched in, and unique to, SCPs (Fig. 6, H to 
J). SCPs are multipotent nerve-associated neural crest–derived cells 
that can give rise to both immature sympathoblasts and chromaffin 
cells, cell types of which neuroblastomas are composed (25). The 
neuroblastoma MES gene signature has previously been shown to 
have pronounced overlap with the SCP cluster (14), further empha-
sizing the corresponding lineage-specific expression of MOXD1 in 
both healthy and tumor development.

DISCUSSION
Herein, we identified MOXD1 as a de novo tumor-suppressor gene 
in neuroblastoma, effective by loss of the 6q23 locus surrounding 
this gene. We recapitulated these findings in multiple translational 
models, including mouse, chick, and zebrafish, and showed that 
this fundamental genetic regulatory step in neural crest cell fate 
and neuroblastoma cell phenotype is highly conserved along the 
vertebrate lineage.

We found that low expression level of MOXD1 is an independent 
prognostic marker of poor outcome among patients with neuro-
blastoma of all stages and risk groups. In addition, individuals with 
loss of function of MOXD1 had reduced survival rates compared to 
the rest of the cohort of neuroblastoma patients with high-risk dis-
ease, which already have a dismal prognosis. These results suggest-
ed a tumor-suppressing function of MOXD1. To investigate these 
clinical correlations, we introduced experimental knockout in vivo 
studies in chick embryos and zebrafish. Transplantation of neuro-
blastoma cells using the CAM assay allowed us to monitor tumor 
formation and tumor cell motility, while our zebrafish model, which 
is based on oncogene-induced neuroblastoma formation in the in-
terrenal gland, allowed us to determine how additional knockout of 
MOXD1 affected tumor penetrance, growth, and histology. We in-
deed found that MOXD1 knockout increased tumor penetrance, 
tumor formation, and cell motility, leading to more aggressive dis-
ease. To further demonstrate the tumor-suppressing capacity of 
MOXD1, we set up the opposite experiment, i.e., overexpressed the 
protein in neuroblastoma cells that completely lack endogenous ex-
pression. We transplanted these cells subcutaneously into mice to 
be able to monitor growth over time. The overexpression of MOXD1 
showed delay in tumor growth and increase in animal survival in 
three different neuroblastoma cell models. Our knockout and over-
expression studies support that MOXD1 acts as a tumor-suppressor 
gene in neuroblastoma.

Given our findings on MOXD1 in neuroblastoma, we evaluated 
expression of MOXD1 in melanoma, which, like neuroblastoma, 
originates from trunk neural crest cells. We found that the MOXD1 
expression is higher in melanomas than in neuroblastomas and that 
the MOXD1 levels are slightly higher in metastatic than in primary 
melanomas. Although neuroblastoma and melanoma are both 
trunk neural crest derived, they descend from cells that migrate 
along different pathways (ventral and dorsal, respectively) following 

delamination and EMT. A recent study on glioblastoma, a tumor 
form derived from neural crest derivatives other than the trunk, i.e., 
with a separate origin from neuroblastoma, identified that high 
MOXD1 expression is associated with a poor prognosis (45), oppo-
site to our findings in neuroblastoma. To explore the prognostic role 
of MOXD1 across cancer types of an origin separate from neural 
crest, we analyzed patient data from patients with breast and colon 
cancer. We observed that MOXD1 does not discriminate between 
localized and aggressive diseases in any of these cancer types. Thus, 
we hypothesized that the role of MOXD1 in cancer is tissue- and cell-
specific, even depending on lineage commitment within the same 
embryonic progenitor cell population. This hypothesis was support-
ed by our observation that MOXD1 is expressed almost exclusively 
in SCPs, a subpopulation with a gene expression signature score cor-
relating with a more favorable prognosis in neuroblastoma (23).

Recent studies have defined two distinct cellular phenotypes that 
foster neuroblastoma development and progression: immature MES 
and lineage-committed ADRN (11, 12). These cell phenotypes are 
plastic and can convert into one another. The MES core gene signa-
ture as defined in Westerhout et al. (14), is highly enriched in SCPs. 
We found that MOXD1 is expressed in MES- but not in ADRN-
phenotypic cells, further supporting the hypothesis that MOXD1 
expression is lineage-restricted, specifically to SCPs during embryo-
genesis, and that the expression, or lack thereof, might affect the 
subtype and aggressiveness of the resulting tumor. Our RNA-seq 
data from both in vitro and in vivo grown cells identified the stem 
cell marker CD44 as positively regulated by MOXD1. This cell sur-
face protein has recently been identified as a strong marker for MES 
neuroblastoma cells (16). Expression of CD44 was high in cells in 
which we overexpressed MOXD1, which is consistent with the pre-
vious finding that CD44 is expressed in undifferentiated multipotent 
neural crest cells (46) and has been shown to be associated with 
favorable prognosis in neuroblastoma (47–50).

At this point, it is however unclear whether MOXD1 directs lin-
eage commitment where loss of MOXD1 skews cells toward a dif-
ferentiated ADRN phenotype, or whether MOXD1 is lost as a 
consequence of ADRN tipping. If loss of MOXD1 is caused by al-
tered lineage commitment, it will be of importance to understand 
how this is regulated at a mechanistic level, and the impact it poten-
tially has on tumor initiation and progression. For example, identifi-
cation of affected signal transduction, chromatin remodeling, or ion 
exchange, could open up new avenues for targeting neuroblastomas 
caused by loss of MOXD1.

Recent studies suggested that SCPs generate most chromaffin 
cells and a smaller portion of neuroblasts composing the adrenal 
medulla (25, 44). However, a subsequent study debated whether 
these findings are true only in younger patients (younger than 18 months 
at diagnosis). Bedoya-Reina et al. (17) suggest that neuroblastoma 
in younger children with a better prognosis may arise from an SCP-
derived subtype of neuroblastoma. This is consistent with our data 
showing expression of MOXD1, which we found to be associated 
with better prognosis in patients and increased survival in our 
translational models, is enriched in SCPs.

The sparse literature on MOXD1 functions suggests the involve-
ment of copper binding (43). Disrupted copper homeostasis is 
known to be involved in the malignant progression of several tumor 
forms (51, 52). Both increased and decreased levels of copper-
related proteins are associated with cancer, and their use as predic-
tive or prognostic biomarkers is promising (53). Our RNA-seq data 
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indeed identified ion transport as one of the most affected processes 
connected to MOXD1, and, notably, we found that the copper ion–
binding protein APOA4 is up-regulated with MOXD1 overexpres-
sion in tumor cells. We hypothesized that a putative MOXD1-APOA4 
axis and thus functional and tightly regulated copper signaling is 
essential for embryonic neural crest homeostasis. Consistent with 
this theory, Poursani et  al. (54) recently demonstrated a link be-
tween copper homeostasis and EMT in several cancer forms, 
including neuroblastoma (54). However, to fully unravel the mecha-
nisms of MOXD1, additional studies with further functional and 
biological experiments are needed.

In conclusion, we found that MOXD1 is a tumor-suppressor gene 
in neuroblastoma. We further showed that MOXD1 discriminates 
between the ADRN and MES cell phenotypes, with cell-specific ex-
pression in the neural crest–like MES cells. In line with this, MOXD1 
expression was restricted to SCPs during normal development of hu-
man and mouse adrenal medulla, reflecting the overlap between 

normal SCPs and MES neuroblastoma cell phenotypes, which was 
previously reported (14). A graphical summary of our findings is 
presented in Fig.  7. Our results strengthen the hypothesis that 
neuroblastoma originates from stalled development during pre-
defined time- and spatial-specific points. We depict a de novo 
tumor-suppressor gene and potentiates future identification of 
subtype-specific neuroblastomas. Our results suggest that such neu-
roblastoma subtypes might be derived from restricted cell lineages 
during healthy neural crest development, setting a framework for 
studies on subtype-specific treatment options.

MATERIALS AND METHODS
Ethics
According to Swedish regulation (Jordbruksverkets föreskrift L150, 
§5), experiments performed on chick embryos younger than E13 do 
not require ethical permit. All chick embryo and mouse procedures 

Fig. 7. Graphical visualization of MOXD1 in healthy and tumor development. Created with BioRender.com.
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followed the guidelines set by the Malmö-Lund Ethics Committee 
for the use of laboratory animals and were conducted in accordance 
with the European Union directive on the subject of animal rights 
(ethical permit no. 18743/19). For the TMA, all patients, their rela-
tives, or their legal guardians signed the appropriate written in-
formed consent. The present study was approved by INCLIVA’s 
Clinical Research Ethics Committee (ref. 2017/198). All procedures 
involving zebrafish were approved by the local animal ethics com-
mittee (Ghent University hospital, Ghent, Belgium; ethical permit 
no. ECD 17/100) and performed according to local guidelines and 
policies in compliance with the national and European laws.

Cell culture
The neuroblastoma cell lines SK-N-BE(2)c, SK-N-SH, SH-SY5Y, 
SH-EP, and IMR-32 were cultured in minimum essential medium 
(MEM) or RPMI 1640 (IMR-32), supplemented with 10% fetal bo-
vine serum. The 691-ADRN cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F12 supplemented with fibroblast 
growth factor (40 ng/ml), epidermal growth factor (20 ng/ml), and 
1 × B27 supplement. The MS1 mouse endothelial cells were cultured 
in DMEM supplemented with 10% fetal bovine serum. Penicillin 
(100  U) and streptomycin (10 μg/ml) were added to all cultures. 
Cells were kept in a humidified incubator at 37°C with 21% O2 and 
5% CO2. SK-N-BE(2)c, SK-N-SH, SH-SY5Y, SH-EP, IMR-32, and 
MS1 were grown as a monolayer and dissociated using trypsin and 
accutase. In addition, 691-ADRN cells were grown in suspension and 
dissociated using trypsin. All cells were, at minimum, trimonthly 
screened for mycoplasma (Eurofins Genomics). The 691 isogenic pair 
(2018) and SK-N-BE(2)c, IMR-32, SH-SY5Y, and SH-EP cell lines (all 
2022) were authenticated by STR profiling (Eurofins Genomics).

Cloning
For CRISPR-Cas9 targeting, oligos designed to target MOXD1 
(MOXD1.4.gRNA Top oligo–5′ ggatgGCACCATGTGACAAAGgtg 
3′, Bot oligo–5′ aaaccacCTTTGTCACATGGTGCc 3′) were annealed 
pairwise at a concentration of 100 μM per oligo using the T4 DNA 
ligase buffer by heating to 95°C for 5 min. The annealed oligo reac-
tions were cooled to room temperature and diluted 1:1000. The 
U6.3 > gRNA.f + e (no. 99139, Addgene) vector was digested over 
night with BsaI-HF enzyme (New England Biolabs, no. R3733) and 
gel extracted. Guide RNAs (gRNAs) were cloned into the digested 
U6.3 > gRNA.f + e vector using T4 DNA ligase (New England Biolabs, 
no. M0202) at room temperature for 20 min. Successful inserts were 
identified by colony PCR using U6 sequencing primer and gRNA 
reverse oligo specific to MOXD1 gRNA.

Transfection of CRISPR-Cas9–knockout constructs
Transfection of SH-EP cells was performed using 5 μg of cloned 
MOXD1-targeting or nontargeting control gRNA constructs and 
Lipofectamine 3000 during an incubation time of 4 hours. Cells 
were either expanded in culture or seeded on coverslips for further 
immunofluorescence analysis. Knockout was verified by protein 
staining on a regular basis over the course of several weeks to ensure 
maintained absence of MOXD1.

Lentiviral transduction
SK-N-BE(2)c, SK-N-SH, and ADRN-691 cells were transduced 
with a lentiviral vector encoding MOXD1 gene or a control plasmid 
(OriGene, RC205862L2; PS100071). Lentiviruses were directly 

added to the cell culture media and incubated for 16 hours before 
media change.

Soft agar colony formation
The SK-N-BE(2)c cells were plated at 2.5 × 103 cells per well in six-
well tissue culture plates with a mix of DMEM and 0.3% agar on top 
of a coating layer of 0.6% agar. The plates were incubated at 37°C in 
humidified atmosphere for 21 days. The colonies were stained with 
crystal violet (0.001%, Sigma-Aldrich, no. C0775). The colony num-
ber and size were automatically calculated with ImageJ. Four bio-
logically independent replicates were used for quantification and 
statistical analysis.

Cell viability and drug response
SK-N-BE(2)c cells were plated in technical triplicates in opaque 96-
well plates with a total volume of 100 μl and thereafter incubated for 
24  hours pretreatment to allow attachment to the plate. The cells 
were treated with the indicated logarithmic concentration ranges of 
cisplatin (Sigma-Aldrich, no. C2210000) and doxorubicin (Sigma-
Aldrich, no. D1515) dissolved in sterile H2O. Cell viability was 
measured using CellTiter-Glo (Promega Corp., no. G7571). Three 
biologically independent replicates were used for quantification and 
statistical analysis.

Cell proliferation and differentiation
SK-N-BE(2)c cells were seeded at 1× 105 cells per well in a six-well 
plate, incubated for 5 days, and manually counted using a Bürker 
chamber. Four biologically independent replicates were used for 
quantification. For the differentiation assay, the cells were grown for 
24  hours, and the number of neurites was manually counted by 
blinded quantification from representative images. The number of 
neurites were normalized to the total number of cells (i.e., neurites 
per cell). Three biologically independent replicates were used for 
quantification.

Active caspase-3 ELISA
To measure apoptosis, we used a human active caspase-3 ELISA kit 
(Invitrogen, no. KHO1091). Control and MOXD1 OE SK-N-BE(2)c 
cells were seeded and incubated for 24 hours to allow for attach-
ment. The medium was then removed, and the cells were lysed with 
radioimmunoprecipitation assay buffer supplemented with com-
plete protease inhibitor. Apoptotic activity was determined accord-
ing to the manufacturer’s instructions. Activity measurements were 
performed in triplicates.

Wound healing
Cells were seeded at 3 × 105 cells per well in a six-well plate and in-
cubated at 37°C for 24 hours (for the cells to reach 80% confluency) 
before a scratch or “wound” was made in the middle of the culture 
with a p1250 pipette tip. The images were captured at 0, 24, 48, and 
72 hours after the scratch. Four biologically independent replicates 
were used for quantification. Open areas were manually marked in 
ImageJ and then automatically measured.

Coculture angiogenesis
MS1 (pancreatic islet mouse endothelial) cells (104) were mixed 
with SK-N-BE(2)c cells (1,1 ratio) and seeded in a 96-well plate 
on top of a layer of growth factor–reduced Matrigel (BD Biosciences, 
no. 354230) in 1:2 MEM and DMEM (1,1). Matrigel was thawed at 
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4°C overnight, added to 96-well plates, and transferred to 37°C for 
polymerization before seeding. Cells were incubated  for  8  hours 
before four images of each group were captured. The images were 
analyzed in ImageJ using the Angiogenesis Analyzer plug-in.

Immunofluorescence
Transfected SH-EP for knockout, and transduced SK-N-BE(2)c for 
overexpression, cells were seeded on coverslips and allowed to attach 
overnight. Cells were fixed in 4% paraformaldehyde for 15 min. Cover-
slips were washed in phosphate-buffered saline (PBS) before blocking 
in 3% bovine serum albumin and 0.3% Triton-X in PBS for 1 hour. 
Slides were then incubated with primary antibody (MOXD1, Thermo 
Fisher Scientific, see details in table S1) for 1 hour at room tempera-
ture. Coverslips were washed, and secondary antibody mixed with 
4′,6-diamidino-2-phenylindole (DAPI) was added for 1 hour at room 
temperature. Coverslips were finally mounted on slides and imaged.

Zebrafish tumor sections were blocked in 5% goat serum and 
0.3% Triton-X for 1 hour at room temperature before incubation 
with primary antibody (MOXD1, Aviva; see details in table  S1) 
at  +4°C overnight. Slides were washed in PBS before incubation 
with a mix of secondary antibody and DAPI for 1 hour at room 
temperature. Coverslips were mounted on slides and imaged.

Immunohistochemistry
Slides were immersed in hematoxylin for 5 min, dehydrated in in-
cremental concentrations of ethanol (50, 70, 80, 100, and 100%) for 
3 min each, immersed in xylene twice for 5 min each, and finally 
mounted with Eukitt mounting media.

To stain for mitotic cells, slides were washed in PBS and then 
treated with 3% hydrogen peroxide solution for 45 min. After rinse 
and wash in PBS-Tween (PBS-T), slides were incubated with block-
ing solution for 1 hour at room temperature. Slides were incubated 
with primary antibody (PH3; see details in table S1) at +4°C over-
night, washed in PBS-T, and incubated with secondary antibody for 
1 hour at room temperature. Slides were again washed and then in-
cubated with streptavidin peroxidase for 2 hours. After rinse in PBS, 
the peroxidase reaction product was visualized with 0.05% 3,3′di-
aminobenzidine tetrahydrochloride (DAB) and 0.025% hydrogen 
peroxide in PBS for 10 min at room temperature. The reaction was 
stopped using PBS, and slides were mounted before imaging.

RNA extraction and quantitative real-time PCR
Total RNA from the cells was extracted using RNAqueous Micro Kit 
(Ambion RNAqueous-Micro Kit, Thermo Fisher Scientific, no. 
AM1931) and eluted in 20-μl elution solution. Total RNA from the 
tumors was extracted using QIAshredder (Qiagen, catalog no. 
79656) and RNeasy Midi Kit (Qiagen, catalog no. 75142) and eluted 
in 30-μl ribonuclease–free water. cDNA synthesis was performed 
using random primers (Applied Biosystems Reverse Transcriptase 
Kit, Thermo Fisher Scientific, no. 4368814). Quantitative reverse 
transcription PCR was performed using the SYBR Green PCR Mas-
ter Mix (Thermo Fisher Scientific, no. 4364346). The relative mRNA 
expression was normalized to the expression of three reference 
genes (UBC, YWHAZ, and SDHA) using the comparative Ct method 
(55). The primers are listed in table S2.

Tissue microarray
Together, 50 high-risk neuroblastoma samples with MYCN ampli-
fication were analyzed in a TMA, consisting of one 1-mm cylinder 

from each of the 50 high-risk neuroblastomas with MYCN amplifica-
tion. The patient samples included in the TMA were referred to the 
Spanish Reference Centre for Neuroblastoma Biological and Patho-
logical studies (Department of Pathology, University of Valencia-
INCLIVA) between 1999 and 2017. Patient data were collected by the 
pediatric oncologists in charge at the hospital of origin and by the 
clinicians of the Reference Centre for neuroblastoma clinical studies 
and were classified according to the INRG pretreatment stratifica-
tion criteria.

Paraffin-embedded TMAs were sectioned (3 μm) and stained for 
MOXD1 using a DAKO Cytomation Autostainer Plus with the 
EnVision FLEX high pH kit (Agilent, code K8010). The slides were 
dried at 60°C for 1 hour, paraffin was removed, and the slides were 
placed in a pressure cooker for 20 min at 97°C in the EnVision FLEX 
target retrieval solution low pH (pH 6; Agilent, code K8005). Then, 
the slides were washed in wash buffer (Agilent, code K8007); then, the 
EnVision FLEX peroxidase-blocking reagent (Agilent, code DM821) 
was added. The slides were incubated for 5 min and then washed as 
described above. The primary antibody was diluted in EnVision FLEX 
antibody diluent (Agilent, code K8006), and the slides were incubated 
for 30 min after washing as described above. The slides were then in-
cubated in EnVision FLEX/HRP (Agilent, code DM822), washed as 
described above, and further incubated in EnVision FLEX DAB + 
chromogen (Agilent, code DM827) diluted in EnVision FLEX sub-
strate buffer (Agilent, code DM823). After the last washing step, the 
slides were incubated with HTX for 3 min, dehydrated, and mounted.

The sections were digitalized with the PannoramicMIDI 3DHistech 
scanner at 20× magnification. Cytoplasmic brown staining was con-
sidered to indicate MOXD1 positivity. The number of MOXD1-positive 
cells and staining intensity was evaluated with the NuclearQuant 
module of Pannoramic Viewer software (3DHistech). This module 
could be applied to nonnuclear stained compartments by adjusting 
the nucleus size settings to detect the entire cells when required 
(nuclear radius 3 to 15 μm) and adjusting the color deconvolution 
settings. The detected artifacts and folded and/or broken regions 
were considered uninformative and were excluded from the image 
analysis. The automatically obtained results were validated by opti-
cal microscopy by a pathologist and two expert researchers in mor-
phology. The percentage of positive cells in each sample for every 
MOXD1 intensity expression (low, medium, and high) was calcu-
lated. For statistical purposes, we defined samples as low (≤25th 
percentile) or high (>25th percentile) MOXD1 expressions, accord-
ing to the percentage of positive cells digitally detected as presenting 
high-intensity MOXD1 expression. In addition, the homogeneous 
and heterogeneous MOXD1 samples were differentiated, and we 
considered a sample heterogeneous when its total MOXD1-positive 
cell population was characterized by cells with low-, medium-, and 
high-intensity MOXD1 expressions, but none of the positive cell 
subpopulations accounted for >66% of the total MOXD1-positive 
cell population. SPSS version 26 was used to perform the statistical 
analysis, setting the significance level at 95%. Using the chi-square 
test, we evaluated the statistical correlation between the MOXD1 
expression patterns and patients’ age (<18 versus ≥18 months). The 
other INRG prognostic variables could not be tested because of the 
homogeneous characteristics of the studied cohort.

In vivo tumorigenicity
Female athymic mice (NMRI-Nu/Nu strain; Taconic) were housed in 
a controlled environment. Together, 0.8 × 106 SK-N-BE(2)c, 1 × 106 
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SK-N-SH, or 0.7 × 106 691-ADRN cells were subcutaneously injected 
with a 100-μl 2:1 mixture of cell culture media and growth factor–
reduced Matrigel (BD, 354230) to the right flank of the mice. Mice 
were euthanized when the tumors reached a diameter of >1800 mm3 
or 12 months after the start of the experiment (end point, 365 days). 
Tumor pieces were snap-frozen and further processed for RNA-seq.

CAM assay
Fertilized eggs were stored at 37.5°C in humidified incubator. The 
eggs were windowed at E7, cells implanted at E10, and tumors har-
vested at E14. One million SH-EP cells (MOXD1 knockout or 
CTRL) were suspended in a mix of Matrigel (Corning, no. 354234) 
and media (1:3) and grafted close to the bifurcation of an allantoid 
vein. There was no interference with the embryo. The eggs were 
sealed with an opaque tape and returned to the incubator. Ringer’s 
solution was added at E12 to keep the embryos moist. At harvest, 
tumors were photographed, the viability of embryos was assessed, 
and the tumors were analyzed by size and weight.

Zebrafish models
Zebrafish were maintained in a Zebtec semi-closed recirculation hous-
ing system (Techniplast, Italy). The water had a constant temperature 
(27° to 28°C), pH (~7.5), conductivity (~500 μS), and light/dark cycle 
(14/10 hours). The fish were fed twice a day with dry food (Gemma 
Micro, UK) and once with Artemia (Ocean Nutrition, Belgium).
Determining the best crRNA for MOXD1-KO
CRISPR RNAs (crRNAs) targeting MOXD1 were designed and 
injected according to a previously published workflow (56). First, the 
online Benchling tool (https://benchling.com/crispr) was used to 
select five MOXD1 crRNAs (CATGTTGGGATGTCAATAGG, 
CCAGGCATGACGGATTACAT, GATGCTGGAGTCATCGAGAC, 
GAGGCGCTACGATGCTGGAG, and CGCCAAGTGCGAGAGTT-
TAC) with the highest on-target score (efficiency score) and lowest 
off-target (specificity score) scores. These crRNAs (200 μM) were 
mixed together with a general tracrRNA (200 μM) (IDT, no. 1072533) 
to generate five different gRNA duplexes. Subsequently, 900-pg 
gRNA duplex was combined with 900-pg Cas9 enzyme (IDT, no. 
1081061) before injection (1.4 nl). A nontargeting crRNA (GCAG-
GCAAAGAATCCCTGCC) was used as a control. The injections of 
all five crRNA:tracrRNA-Cas9 mixtures were performed in the yolk 
of wild-type zebrafish embryos during the one-cell stage. For each 
crRNA injection mix, DNA was isolated from a pool of 24 to 48 hours 
post-fertilization (hpf) embryos and amplified using specific primers 
surrounding the targeted region. The amplified pooled DNA sample 
was run on a Miseq and analysed using CRISPResso2.0 to determine 
the mutation efficiency. crMOXD1_3 (GATGCTGGAGTCATCGAGAC) 
resulted in the highest efficiency score and was used in subsequent 
experiments.
Injection of crMOXD1 in MYCN-TT [Tg(dβh:eGFP;dβh:MYCN)] 
zebrafish line
The CRISPR-Cas9 injection mixes of crRNA_MOXD1_3 and negative 
control were injected in MYCN-TT one-cell stage zygotes. This 
transgenic zebrafish line was previously established by coinjection 
of eGFP and human MYCN, both under the control of the zebrafish 
DBH promotor, which allowed the selection of MYCN-TT–positive 
larvae at 5 days after fertilization and the detection of neuroblasto-
ma formation by eGFP expression in the interrenal gland of the 
zebrafish. From 5 wpf, the zebrafish were screened for tumor for-
mation biweekly by fluorescence microscopy (Nikon, SMZ18).

The mutation efficiency of the injections was checked on Miseq 
in a separate embryo pool (24 to 48 hpf), and the experiments were 
only continued when the mutation efficiencies were higher than 
60%. At 9 wpf, genotyping was performed by fin-clipping to confirm 
the MYCN-TT–positive genotype. Only the MYCN-TT–positive 
zebrafish were included in the study.

Tumors were harvested at 27 wpf (n = 6 crMOXD1, n = 3 crN-
TC), fixed in modified Davidson’s fixative [22% formaldehyde (37%), 
12% glacial acetic acid, 33% ethanol (95%), and 34% distilled water] 
over night on shaker at room temperature and stored at −80°C until 
embedding. Tumor pieces were then directly embedded in gelatin, 
snap-frozen, and sectioned at 8 μm before degelatinized and pro-
cessed for immunofluorescence and immunohistochemistry, as 
described above.

RNA sequencing
RNA was extracted from the harvested cells in the culture (n = 3 
biologically independent samples per group) or pieces from the 
in vivo grown tumors (n = 5 biologically independent samples per 
group). Sequencing was performed using NovaSeq 6000 (Illumina). 
The alignment of reads was performed using the HISAT2 software, 
and the reference genome was from the Ensemble database [Human 
GRCh38, GTF 94 (in vitro) or 99 (in vivo)]. The expression counts 
were performed using the StringTie software, and DEG analysis was 
performed using DESeq2.

The DEGs between the MOXD1 OE SK-N-BE(2)c cells and 
CTRL group were identified by a log2foldchange >1.5 and a higher 
expression in all samples in one group as compared to all the sam-
ples in the other group (in vitro) and log2foldchange >1.5 and a 
higher expression in >3 samples in one group as compared to all the 
samples in the other group (in vivo). Gene ontology enrichment 
analysis of the DEGs in  vivo was performed with the R package 
clusterProfiler (57).

Acquisition and analysis of datasets
The neuroblastoma patient datasets SEQC (GEO:GSE62564), 
Kocak  (GEO:GSE45547), NRC (GEO:GSE85047), Depuydt 
(GEO:GSE103123), and melanoma (GEO:GSE65904), and the cell 
line datasets from van Groningen et  al. (12) (R2 ID: ps_avgpres_
gsenatgen2017geo52_u133p2), Boeva et al. (11) (GEO:GSE90683), 
Harenza et al. (40) (GEO:GSE89413), and the Cancer Cell Line En-
cyclopedia (GEO:GSE36133) were downloaded from the R2: ge-
nomics analysis and visualization platform (http://r2.amc.nl). The 
NB/GN (GEO:GSE7529), breast cancer (GEO:GSE102484), and 
colorectal cancer (GEO:GSE39582) datasets were downloaded from 
GEO. The data from Gartlgruber et al. (15) (GEO:GSE136209) were 
assessed from https://nbseb087.dkfz.de/project_NB_SE_viz/.

The RNA from the isogenic-pair dataset was provided by J. Koster, 
where RNA was extracted using a ribodepletion kit. FASTQ files were 
mapped to HG19 using HISAT2 and subsequently converted into 
gene expression values using cufflinks (genes mode) on UCSC genes. 
Last, the data were normalized by TPM.

 Survival analysis was performed by log-rank tests with the 
Kaplan-Meier method and multivariate Cox regressions using the R 
packages Survival and Survminer (Fig. 1, A and F, and figs. S1, A to 
G and S2C). Figure  S2 (D to F) was generated using https://pad-
puydt.shinyapps.io/check_cn_in_hr_nb/, and the maximum size of 
aberration was set to 180 Mb. Further analysis of MOXD1 expres-
sion in the datasets was conducted in RStudio. The snRNA-seq data 

https://benchling.com/crispr
http://r2.amc.nl
https://nbseb087.dkfz.de/project_NB_SE_viz/
https://padpuydt.shinyapps.io/check_cn_in_hr_nb/
https://padpuydt.shinyapps.io/check_cn_in_hr_nb/
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by Bedoya-Reina et al. (17) and the scRNA-seq data from Kastriti et al. 
(28) were analyzed using Pagoda at https://www.synapse.org/
Synapse:syn22302605/wiki/604951 and https://adameykolab.srv.
meduniwien.ac.at/glia_gene_umap/, whereas the scRNA-seq data 
from Furlan et al. (44), Gartlgruber et al. (15), Hanemaaijer et al. 
(23), and Jansky et al. (24) were analyzed using the R2 platform.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Tables S1 and S2
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