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Abstract

Neuroblastoma is a pediatric cancer of the sympathetic nervous

system where MYCN amplification is a key indicator of poor

prognosis. However, mechanisms by which MYCN promotes

neuroblastoma tumorigenesis are not fully understood. In this

study, we analyzed global miRNA and mRNA expression profiles

of tissues at different stages of tumorigenesis from TH-MYCN

transgenicmice, amodel ofMYCN-drivenneuroblastoma.On the

basis of aBayesian learningnetworkmodel inwhichwe compared

pretumor ganglia from TH-MYCNþ/þ mice to age-matched wild-

type controls, we devised a predicted miRNA–mRNA interaction

network. Among the miRNA–mRNA interactions operating dur-

ing human neuroblastoma tumorigenesis, we identifiedmiR-204

as a tumor suppressor miRNA that inhibited a subnetwork of

oncogenes strongly associated with MYCN-amplified neuroblas-

toma and poor patient outcome. MYCN bound to the miR-204

promoter and repressed miR-204 transcription. Conversely,

miR-204 directly bound MYCN mRNA and repressed MYCN

expression. miR-204 overexpression significantly inhibited neu-

roblastoma cell proliferation in vitro and tumorigenesis in vivo.

Together, these findings identify novel tumorigenic miRNA gene

networks and miR-204 as a tumor suppressor that regulates

MYCN expression in neuroblastoma tumorigenesis.

Significance: Network modeling of miRNA–mRNA regulatory

interactions in a mouse model of neuroblastoma identifies

miR-204 as a tumor suppressor and negative regulator of MYCN.

Cancer Res; 78(12); 3122–34. �2018 AACR.

Introduction

Neuroblastoma is a pediatric malignancy that derives from the

progenitors of the sympathetic nervous system (1). Despite being

relatively rare, neuroblastoma accounts for approximately 15%of

pediatric cancer–related deaths,mostly attributed to patients with

high-stage disease who relapse despite intensive multimodal

therapy (2). MYCN amplification is one of the strongest clinical

predictors of poor prognosis, but targeted therapies for patients

with MYCN-amplified disease remain elusive (2). The role of

MYCN as a driver of neuroblastoma is well established, as

TH-MYCN mice develop neuroblastoma highly similar to the

human disease and have been used extensively tomodelmechan-

isms of tumor initiation (3, 4).

Tumors in TH-MYCN mice develop in 100% of homozygote

(þ/þ) mice by 6–7 weeks of age and 25% of hemizygote (þ/�)

mice by 12–13 weeks of age (4, 5). Tumors mostly form in the

abdomen, commonly as part of the sympathetic ganglia in this

region, but similar to the human disease, tumors also occur in

sympathetic ganglia of the chest and neck in some occasions.

Tumor initiation in TH-MYCN mice is characterized by prema-

lignant hyperplasia of neuroblast progenitors in sympathetic

ganglia, followed by clonal selection of a minor population of

tumor-initiating cells that develop into neuroblastoma (5). Con-

tributing mechanisms to this process have been observed, includ-

ing dysfunctional neural crest development, disturbances of apo-

ptotic activation, metabolic deregulation, and oncogenic activa-

tion of MYCN-regulatory targets (6–13).

It is now clear that noncoding RNAs have important functional

roles in regulation of normal cellular homeostasis and disease

(14). Noncoding RNAs have multiple regulatory functions in

cancer including regulation of mRNA stability and translation,

genomic stability, transcriptional regulation, and epigeneticmod-

ifications (14). The most well-studied group of noncoding RNAs

are miRNAs, which are closely linked to regulation of mRNA
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stability/translation in multiple cancers (14, 15). Numerous

reports have identified that miRNAs regulate neuroblastoma

tumorigenesis, progression, and prognosis (8, 16–18). MYCN

and closely related MYC, which are frequently deregulated in

neuroblastoma and other cancers, also participate in miRNA

regulatory networks. Notable regulatory links between MYC pro-

teins andmiRNAs include oncogenic miRNAs such as those from

themiR-17–92 cluster, and tumor suppressormiRNAs, such as the

let-7 family andmiR-34 (7, 8, 19, 20). The functional relevance of

miRNA–mRNA networks in MYCN-driven neuroblastoma

tumorigenesis is still poorly understood.

In this study, we used gene expression data from TH-MYCN

mice to create apredictedmiRNA–mRNA interactionnetwork.We

describe a number of novel interactions and cross-validate these

predictions in human neuroblastoma samples. We focus on the

novel relationship betweenmiR-204 andMYCN and its relevance

to neuroblastoma tumorigenesis.

Materials and Methods

Neuroblastoma cell models

Cellswere sourced as follows: BE(2)C, SH-SY5Y, and SHEP (gift

from Dr. J Biedler, Memorial Sloan Kettering Cancer Center, New

York, NY), Kelly, SK-N-AS and SK-N-FI (European Collection of

Cell Cultures), IMR32 (purchased from ATCC). Media for main-

tenance of cells was as follows: BE(2)C and Kelly (RPMI1640 þ

10% FCS), SK-N-AS, SK-N-FI, SH-SY5Y, SHEP, and IMR32

(DMEM þ 10% FCS). All cell lines were authenticated using

short-tandem repeat DNA profiling at Cell Bank Australia

between 2011 and 2013 and were mycoplasma free. Cells were

maintained in logarithmic growth phase in a humidified atmo-

sphere containing 5% CO2 at 37
�C, passaged every 2–3 days by

trypsinization.

Expression datasets from TH-MYCN mice

Sympathetic ganglia and tumors from TH-MYCN mice were

extracted as described previously (5). Total RNA was extracted

usingmiRNAeasyMini Kit (Qiagen) and reverse transcribed using

Megaplex PreAmp Primers Rodent Pool Set v3.0 (Life Technol-

ogies). cDNA was preamplified using human Megaplex PreAmp

Primers, Rodent Pool Set v3.0 (Life Technologies) and PreAmp

Master mix (Life Technologies).

FormRNAexpression, RNAwashybridized toAgilent SurePrint

G3 Mouse GE 8 � 60K microarrays. Microarrays and data were

summarized and normalized with the vsn method, in the R

statistical programming language using the "limma" package

(21). Data are available in the ArrayExpress database under

accession number E-MTAB-3247.

For miRNA expression, the preamplified samples were loaded

into TaqMan Array Rodent MicroRNA A þB Cards Set v3.0 (Life

Technologies) and analyzed using the ViiA 7 Real-Time PCR

System (Life Technologies). Only Cq values lower than 32 were

retained and normalized using global mean normalization, as

described previously in ref. 22. Data are available in the

ArrayExpress database under accession number E-MTAB-2618.

Expression datasets from human samples/cell lines

Human fetal neuroblasts were isolated from by laser micro-

dissection as described in ref. 23. Samples were obtained with

written informed consent from the patients, and studies were

conducted in accordance with recognized ethical guidelines

(Declaration of Helsinki, Belmont Report). These studies were

approved by an institutional review board (Ethics committee

Erasme Hospital, Brussels, Belgium; approval no.: OM021).

Quantification of 15 candidate miRNAs was done using TaqMan

qRT-PCR, data are available in Supplementary Table S2-2. mRNA

expression analysis of 649 neuroblastoma tumors was conducted

as described previously (24). miRNA expression analysis of 200

neuroblastoma tumors was conducted as described previously

(25). For mRNA expression analysis of BE(2)C.miR-204 cells,

RNA was isolated 48 hours after treatment with or without

doxycycline. RNAwas hybridized to Agilent SurePrint G3Human

GE 8 � 60K microarrays. Microarrays and data were summarized

and normalized with the vsn method, in the R statistical pro-

gramming language using the "limma" package (21). Data are

available in the NCBI Gene Expression Omnibus database under

accession number GSE100658.

Expression analyses

Time-dependent quantification of TH-MYCN expression data

was achieved with R software using the "lm" and "MESS"

packages. This was either Pi-score as multiple linear model with

interaction terms (as described in Fig. 1A), or area under curve.

The predicted miRNA–mRNA interaction network was generated

using theBayesianNetworkwith Split-Averaging (BNSA)method,

which uses correlated or anti-correlated expression changes in two

samples to infer miRNA–mRNA relationships and uses miRNA-

target prediction to constrain likely interactions (26). Statistical

significance of interactions in the BNSA network is evaluated by

resampling using the bootstrapping method (26). Visualization

of network was achieved using Cytoscape software. Expression

heatmaps were generated with R software, using the "Complex-

Heatmap" package. Bar plots were generated with R software

using the "ggplot2" package. Kaplan–Meier plots and Cox regres-

sion analyses were generated with R software using the "survival"

package. Gene set enrichment analyses were conducted with R

software using the "fgsea" package (27).

siRNA, miRNA mimic, and stable cell lines

Control siRNA (SI03650318) and siRNAs directed against

MYCN (SI03087518 and SI03113670) were purchased from

Qiagen. MYCN knockdown was quantified by Western blotting

using anti-MYCN antibody sc-53993 (Santa Cruz Biotechnology)

at a dilution of 1:2,000. Control miRNAmimic (CN-001000-01)

and humanmiR-204mimic (C-300563-05)were purchased from

Dharmacon. miR-204 expression was quantified using the

TaqMan MicroRNA Reverse Transcription Kit and TaqMan

MicroRNA Assays (Applied Biosystems). TaqMan assays used in

the real-time PCR were #001973 for U6 snRNA endogenous

control, #001003 for RNU19 endogenous control, and

#000508 for miR-204. Transfection of RNAs was achieved using

Lipofectamine 2000 (Invitrogen) according to manufacturer's

instructions.

Stable cell lines overexpressing miR-204 were created using

humanmiR-204 lentiviral particles in the SMARTchoice shMIMIC

human inducible lentiviral miRNA construct (purchased from

Dharmacon, catalog no. VSH6906-224648868). Stable cells were

created after lentiviral transduction with 6 mg/mL polybrene and

stable selection using puromycin [2mg/mLor 0.7 mg/mL for BE(2)

C and KELLY cells, respectively] for 4 days. Successful lentiviral

transductions were confirmed by inducing a passage of each

resulting cell lines with doxycycline, and then confirming

miR-204 in Neuroblastoma Tumorigenesis
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turboGFP expression with fluorescence microscopy and miR-204

overexpression with TaqMan qRT-PCR.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was conducted for

MYCN as described previously (13). Briefly, ChIP assays were

performed using a ChIP assay kit (MerckMillipore), with amouse

anti-MYCN antibody (Santa Cruz Biotechnology) or a control

mouse IgG antibody (Santa Cruz Biotechnology). Real-time

PCR analyses of ChIP assay products were performed using

primers targeting a negative control region (2362 bp upstream

of pre-miR-204 transcription start site), themiR-204 or theODC1

gene promoter region. Sequences of primers used in the real-time

PCR were 50 GCCTGGGGAGTATGTGCTTA -30 (forward) and

50AGGGTTGGTTCCTCTGGATT -30 (reverse) for the negative con-

trol region; 50- TGACTCGTGGACTTCCCTTT -30 (forward) and

50- GCATTTGATGATGGTGCAAT -30 (reverse) for the miR-204

promoter region; and 50- GATGACTTTTGATAGTGAAGTTGAG-

TTGA -30 (forward) and 50- GGCACCGAATTTCACACTGA -30

(reverse) for the ODC1 gene promoter region. Fold enrichment

Figure 1.

Gene expression profiling strategy for miRNA and mRNAs in TH-MYCN transgenic mice. A, Schematic for the gene expression analyses in this study. Ganglia

or tumor were extracted from TH-MYCNþ/þmice at time points that correspond to tumor initiation (1 and 2 weeks) or advanced tumors (6 weeks). Gene expression

profiling was conducted on miRNA and mRNA derived from these tissues and compared with age-matched control ganglia from wild-type mice (TH-MYCN�/�).

Quantification of gene expression over time was achieved by calculating the Pi score as described in the figure. miRNA/mRNA networks were resolved

using aBayesian network learning strategy.B,Heatmap for expression ofmiRNA (left) andmRNA (right) in ganglia or tumors derived fromwild-type or TH-MYCNþ/þ

mice (n ¼ 4 per condition). The top and bottom 100 genes ranked by Pi score are shown for miRNA and mRNA. A positive Pi score means genes are upregulated

in TH-MYCNþ/þ mice, while a negative Pi score means genes are downregulated in TH-MYCNþ/þ mice. See Supplementary Table S1 for full datasets.
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of the miR-204 or ODC1 promoter region by the anti-MYCN

antibody was calculated by dividing cycle threshold values of the

miR-204 or ODC1 promoter region by cycle threshold values of

the negative control region, relative to input.

Biotin-miR-204 pulldown assay

Biotin-labeled miR-204 pulldown assay was adapted from

Subramanian and colleagues (28). Briefly, biotin-miR204 or

biotin-negative control was transfected into BE(2)C cells for

24 hours and cytoplasmic lysates were taken. At this point,

50-mL samples were removed for input. The remaining lysates

derived from these cells were mixed with Dynabeads M-280

Streptavidin (Invitrogen) and washed extensively (28). Input

and pulldown RNAs in each sample were eluted and

precipitated using a phenol:chloroform:isoamyl alcohol/

TRIzol (Invitrogen) protocol (28) and quantified using

ND-1000 Spectrophotometer. MYCN and GUSB binding was

determined by quantitative PCR comparing abundance in

biotin-miR-204 samples compared with biotin-negative

control samples. Data presented were normalized to the

total mRNA levels for MYCN or GUSB in each respective

input sample.

Growth phenotype assays

To measure cell proliferation, the Cell Proliferation ELISA,

bromodeoxyuridine (BrdUrd) (colorimetric) Kit (Roche) was

used. Colony assays were conducted as described in ref. 13.When

using miR-204 mimics, colony assays were seeded 24 hours after

transfection. When using miR-204–stable cell lines, doxycycline

(1 mg/mL) or DMSO was supplemented into the media and

refreshed every 3 days until the end of the experiment.

Animal models

All experimental procedures involving mice were approved

by the University of New South Wales Animal Care and

Ethics Committee according to the Animal Research Act,

1985 (New South Wales, Australia) and the Australian Code

of Practice for Care and Use of Animals for Scientific Purposes

(2013). The TH-MYCN transgenic mouse model of neuro-

blastoma has been described previously (4). Male and female

TH-MYCN mice were used in all experiments. For subcuta-

neous xenograft studies, female BALB/c nude mice (nu/nu)

were obtained from the Australian BioResources (Moss Vale,

NSW, Australia).

Subcutaneous xenografting and in vivo miR-204 imaging

A total of 2 � 106 cells for BE(2)C.miR-204 or 1 � 107 cells

for Kelly.miR-204 were subcutaneously injected into the left

flank of each BALB/c nude (BALB/c—Fox1nu/Ausb) mice. Mice

were monitored and tumor volumes were calculated as 1/2 �

length � [width]2. When tumor diameter reached 4–5 mm,

mice were administered ad libitum either 5% sucrose alone

(negative control) or 5% sucrose plus 2 mg/mL doxycycline

hyclate mice in drinking water. Seven days after the first

exposure to supplemented drinking water, tumors were imaged

for turboGFP fluorescence using the IVIS SpectrumCT instru-

ment with Living Imaging software on default setting for

turboGFP. Mice were euthanized when tumor volume reached

1,000 mm3 or after 12 weeks had passed since injection.

Tumors were extracted and miR-204 expression was quantified

using TaqMan qRT-PCR as described previously.

Data and materials availability

Gene expression omnibus accessions: # GSE45547, GSE71060,

and GSE71061. ArrayExpress accessions E-MTAB-3247 and

E-MTAB-2618.

Statistical analysis

Unless otherwise stated, all statistical analysis was conducted in

GraphPad Prism 6 software, and P values were determined using

unpaired two-sided t tests. P values less than 0.05were considered

significant [ns, not significant (P > 0.05), �, P < 0.05; ��, P < 0.01;
���, P < 0.001].

Results

Gene expression profiling of miRNA and mRNA in TH-MYCN

transgenic mice

To evaluate miRNA/mRNA expression in neuroblastoma, we

conducted transcriptomic analyses of ganglion tissues derived

from the TH-MYCN transgenic mice. We isolated premalignant

sympathetic ganglia or tumors from TH-MYCNþ/þ mice at 1, 2,

and 6 weeks of age, as well as age-matched ganglia from normal

littermate wild-type mice (Fig. 1A). We conducted gene expres-

sion profiling on these samples for both miRNA and mRNA

expression patterns (29). To quantify time-dependent changes

in expression ofmiRNA ormRNAs, we assigned a "Pi-score" (29).

The Pi-score was determined by fitting a multiple linear model to

each miRNA or mRNA expression value and determining the

interaction coefficient of the two independent variableswithin the

dataset, that is, age (1, 2, or 6weeks) and genotype (TH-MYCNþ/þ

orwild-type; Fig. 1A). All expression data formiRNAs andmRNAs

were then evaluated by heatmap plotting to validate that the

Pi-score ranked gene expression changes are correlated with

relative expression change over time (Fig. 1B; Supplementary

Table S1). We also evaluated another method of time-dependent

quantitation, by determining the net difference between

TH-MYCN and wild-type area under curve (DAUC). Pi scores and

DAUC values demonstrated similar expression trends, and were

strongly correlated (Supplementary Fig. S1A and S1B). However,

Pi scores were more effective at quantifying linear growth trends

than DAUC (Supplementary Fig. S1C and S1D).

Identification of miRNA–mRNA interaction networks

Next, we conducted integrative analysis of expression data to

identify miRNA–mRNA interaction networks (Fig. 1A; Fig. 2A).

We used a Bayesian network learning model that takes into

account the statistical significance of correlated expression pat-

terns between miRNA and mRNA pairs, as well as prediction of

miRNA seed sequencemediating binding tomRNA targets (using

the TargetScanMouse database; ref. 26). For this network analysis,

we used selection criteria as follows: (i) to bias toward miRNA–

mRNA interactions that are inhibitory in nature, only negatively

correlated interactions were included, and (ii) to identify inter-

actions most crucial to early stages of tumorigenesis, we used

only data from weeks 1 and 2, which in TH-MYCNþ/þ mice

corresponds to the premalignant phase of tumor development

(1, 5, 9). In addition, Pi score was used to quantify whether

expression of miRNA–mRNAs was up- or downregulated

through tumorigenesis.

Network analysis identified 19 significant miRNA–mRNA

interaction subnetworks (Fig. 2A; Supplementary Table S2-1).

The network consisted of four major hubs: (i) a miR-18a hub, (ii)

miR-204 in Neuroblastoma Tumorigenesis
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a miR-298 hub, (iii) an "oncomiR" hub and (iv) a "Tumor

suppressor miR" hub (Fig. 2A). On the basis of Pi-score, the

miRNA's in the first three hubs demonstrated expression patterns

that fit with a tumor promotion function, while the miRNA's in

the Tumor suppressor miR hub (mir-204/miR-676/mir-574-3p)

demonstrated expression patterns that fit with a tumor-repressive

function (Fig. 2A; Supplementary Fig. S2).

To validate that miRNAs in the interaction networks derived

from TH-MYCN mouse tissues showed similar expression char-

acteristics in human samples at tumor initiation, we compared

their expression patterns in human fetal neuroblasts and MYCN-

amplified neuroblastomas, thus contrasting the cell-of-origin

tissues with end-stage malignancy. We used miRNAs that have

a human homolog that demonstrated conservation of the 6-mer

Figure 2.

mRNA–miRNA interaction network from TH-MYCNþ/þ mice. A, Network was resolved using a Bayesian network learning strategy and visualized using

Cytoscape software. miRNA (diamonds) and their predicted target mRNAs (circles) are shown by connecting lines. The color of each miRNA and mRNA is

annotated by Pi score. Hubs were devised on the basis of miRNAs that shared multiple common mRNA targets. See Supplementary Table S2-1 for specific

miRNA–mRNA interactions.B,Difference inmiRNA log2 expressionvalues forMYCN-amplified tumors (n¼ 20) comparedwith the average expression in human fetal

neuroblast samples (n ¼ 7). P value was calculated using two-sided t test comparing miRNA expression between MYCN-amplified tumors and human fetal

neuroblasts. ns, not significant; P > 0.05; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. C, Correlation charts for Pi score interaction coefficient and log2 difference

between MYCN-amplified tumors and human fetal neuroblasts (as in B). P value and R value calculated by Pearson correlation tests.
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seed sequence when compared with the mouse miRNA. This

reduced our candidate miRNAs from 19 in the TH-MYCN tumor-

igenesis network to 15 miRNAs in human samples. Examination

of the expression of these 15 miRNAs in human fetal neuroblasts

demonstrated that the expression characteristics were similar

between human andmouse samples, with themajority ofmiRNA

members from theoncomiRhub showing upregulation inhuman

MYCN–amplified neuroblastoma compared with human fetal

neuroblasts, whereas the tumor suppressor miR (TSmiR) hub

members showed marked downregulation in MYCN-amplified

tumors compared with fetal neuroblasts, in particular miR-204

(Fig. 2B; Supplementary Table S2-2). Moreover, the coefficient

used to derive the Pi score in the murine analysis showed a

significant correlation with the extent of miRNA upregulation in

human MYCN-amplified tumors compared with human neuro-

blasts (Fig. 2C). These data therefore show that expression pat-

terns of miRNAs identified in our network analysis at tumor

initiation from TH-MYCN mouse ganglia were recapitulated in

analogous human tissues.

Evaluation of miRNA and miRNA target gene signatures in

human neuroblastoma tumors

We then evaluated the expression of our predicted TH-MYCN

interaction networks in two human neuroblastoma tumor

cohorts (24, 25). For this, we analyzed the expression of miRNAs,

as well as their predicted target mRNAs (hereafter referred to as

miRNA target signatures; Fig. 3A). Hierarchical clustering of gene

expression data showed that in both miRNA and miRNA target

signatures, tumor suppressor hub members miR-204 and

miR-574 diverged considerably from members of the other hubs

(Fig. 3A).When considering the expression of both the individual

miRNA and its predicted target signature, expression patterns

suggested that tumor suppressor hub miRNAs were negatively

associated withMYCN-amplification while the majority of onco-

miR members were positively associated with MYCN amplifica-

tion (Fig. 3B). Similarly, Cox regression analysis formiRNAs, their

target gene signatures, and patient survival suggested that high

expression of tumor suppressor hubmiRNAs was associated with

good patient outcome, while high expression of most oncomiR

members was associated with poor patient outcome (Fig. 3C;

Supplementary Fig. S3A–S3C). To quantify the magnitude of

association withMYCN amplification or patient survival for each

miRNA used in the above comparisons, the difference between

the miRNA and miRNA target signatures was evaluated [i.e.,

difference ¼ (miRNA value)�(miRNA signature value)]. The

miRNA with the greatest absolute difference in both analyses was

miR-204 (Fig. 3D and E; Supplementary Fig. S3D, see arrow).

miR-204was therefore chosen formore extensivemechanistic and

functional analyses.

MYCN binds the miR-204 promoter and represses its

transcription

As miR-204 was strongly repressed in TH-MYCNþ/þ compared

with wild-type samples (Supplementary Table S1), we hypothe-

sized that miR-204 may be a MYCN transcriptional target gene.

Consistent with this prediction, miR-204 expression was shown

to be increased in MYCN siRNA-treated neuroblastoma cell lines

(Fig. 4A).Moreover, gene-set enrichment analysis (GSEA) showed

that target genes of miR-204 (predicted in the TH-MYCN

network) were downregulated upon MYCN siRNA treatment

of neuroblastoma cells, suggesting that MYCN had a negative

influence on miR-204 activity (Supplementary Fig. S4). To eval-

uate whether MYCN is a direct regulator of miR-204, we con-

ducted chromatin immunoprecipitation PCR on a MYCN-

amplified human neuroblastoma cell line, BE(2)-C. We found

that MYCN protein binding was enriched at the gene promoter

of miR-204 to a similar magnitude as the well-known MYCN

transactivation target gene, ornithine decarboxylase-1 (ODC1;

Fig. 4B and C; ref. 30). MYCN binding occurred in the

vicinity of a canonical Ebox binding motif (CATGTG - 17 bp

downstream from thepre-miR-204 transcriptional start site) and a

noncanonical Ebox binding motif (CATTTG – 137 bp down-

stream from thepre-miR-204 transcriptional start site), suggesting

possible Ebox-mediated binding for MYCN transcriptional

repression of miR-204.

miR-204 directly binds MYCN mRNA and inhibits its

expression

Next we evaluated the consequence ofmiR-204 overexpression

in human neuroblastoma cell lines. We created two doxycycline-

inducible miR-204–overexpressing cell lines from MYCN-

amplified neuroblastoma cell lines, BE(2)C and KELLY (hence-

forth named BE(2)C.miR-204 and KELLY.miR-204 cells, respec-

tively; Supplementary Fig. S5A and S5B). GSEA on gene expres-

sion microarrays for doxycycline treated versus doxycycline-

untreated BE(2)C.miR-204 cells identified that a number of

MYC-related gene sets were all significantly downregulated with

miR-204 overexpression (Fig. 5A). Furthermore, GSEAof our own

curated BE(2)C MYCN target signatures, showed that miR-204

overexpression was associated with reduced MYCN activity (i.e.,

the expression of positively regulated MYCN targets was

repressed, while the expression of negatively regulated MYCN

targets was increased; Fig. 5B). This finding was confirmed by

GSEA using MYCN-positive target genes identified by ChIP-

sequencing (Supplementary Fig. S5C; ref. 31). This finding sug-

gests that miR-204 could be a negative regulator of MYCN

signaling. Indeed, we found that miR-204 overexpression, dem-

onstrated a significant downregulation of MYCN protein expres-

sion upon doxycycline inducible miR-204 overexpression in BE

(2)C.miR-204 and KELLY.miR204 cells (Fig. 5C; Supplementary

Fig. S5D). Based upon the RNA22 miRNA binding database,

miR-204 was predicted to bind the coding region of the MYCN

mRNA transcript (Supplementary Fig. S5E). To confirm direct

binding of miR-204 to MYCN we used a streptavidin-biotin

pulldown strategy to investigate whether miR-204 physically

bound toMYCNmRNA (Fig. 5D). This demonstrated that MYCN

was enriched by the biotin-miR-204 bait construct, while on the

other hand, negative control GUSB was not enriched (Fig. 5D).

Together these data suggest thatmiR-204directly binds the coding

region of MYCN mRNA, causing its degradation, and a conse-

quent reduction of MYCN expression in neuroblastoma cells.

miR-204 overexpression represses neuroblastoma cell

proliferation and tumor development

To evaluate the function ofmiR-204 in neuroblastoma, we next

evaluated the phenotypic effect of miR-204 overexpression on

human neuroblastoma cell lines with differing levels of MYCN.

We used a panel of MYCN-amplified and MYCN nonamplified

cell lines, as well as SHEP21N cells, which allow for doxycycline-

inducible knockdown ofMYCN (Supplementary Fig. S6A). Trans-

fection of miR-204 mimics intoMYCN-amplified BE(2)C, KELLY

and IMR32neuroblastoma cells was accompanied by a significant
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Figure 3.

Analysis of miRNA and miRNA target signatures in human neuroblastoma. A, Heatmap of miRNA (left) and miRNA target signatures (right) in human

neuroblastoma samples (24, 25). Target signatures for each miRNA were created on the basis of the expression of predicted target genes identified in Fig. 2.

Expression of each signature was calculated on the basis of the mean-scaled log2-adjusted expression value of all mRNAs in the signature. MYCN-amplified

tumors are annotated in red and MYCN nonamplified tumors in blue at the bottom ("MYCN Amp"). miRNA and miRNA target signatures are arranged in rows

by hierarchical clustering. B, The log2 difference in expression for miRNA (top) or miRNA target signatures (bottom) was determined in MYCN-amplified

tumors versus MYCN nonamplified tumors. P value was calculated using two-sided test comparing expression between MYCN-amplified tumors and MYCN

nonamplified tumors. ns, not significant; P > 0.05; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. C, Univariate Cox regression analysis was conducted for miRNA (top) and

miRNA target signatures (bottom) in relation to predicting overall survival of patients with neuroblastoma. Displayed is the Cox regression coefficient for patients

based on high versus low expression of miRNAs or miRNA target signatures. High expression was determined as the top quartile of tumors ranked by expression,

whereas the low expression group was determined as the bottom three quartiles of tumors ranked by expression. P value determined for Cox regression

coefficient for effect of miRNA or miRNA target signature for patient outcome. ns, not significant; P > 0.05; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. D, miRNAs

were ranked by the difference between miRNA and miRNA target signatures determined in the MYCN amplification analysis in B. Arrow, miR-204 has the

greatest absolute difference. E, miRNAs were ranked by the difference between miRNA and miRNA target signatures determined in Cox regression analysis in C.

Arrow, miR-204 has the greatest absolute difference.
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decrease in cell proliferation, as measured by BrdUrd incorpo-

ration (Fig. 6A; Supplementary Fig. S6B). However, a similar

experiment in 4 MYCN nonamplified cell lines, SHEP, SK-N-AS,

SH-SY5Y and SK-N-FI, showed no inhibition of BrdUrd incorpo-

ration, suggesting miR-204 inhibition of proliferation is selective

for cells with high levels of MYCN (Fig. 6A; Supplementary

Fig. S6B). Indeed, using SHEP21N cells, which allow for doxy-

cycline-inducible knockdown of stably incorporated MYCN,

showed that miR-204 is more inhibitory in the MYCN-high

expressing condition compared with the MYCN-low expressing

condition (Fig. 6B; Supplementary Fig. S6C). Similarly, miR-204

mimics and doxycycline-inducible overexpression of miR-204

significantly decreased the colony-forming capacity of MYCN-

amplified BE(2)C and KELLY cells (Fig. 6C; Supplementary

Fig. S6D), whereas in MYCN nonamplified cells SHEP and

SK-N-FI, colony number was not significantly decreased with

overexpression of miR-204 mimics (Supplementary Fig. S6D).

Importantly, these findings regarding miR-204 selectivity against

MYCN-expressing cells were replicated in vivo, where subcutane-

ous tumor xenografts of BE(2)C.miR-204 and KELLY.miR-204

induced to overexpress miR-204 by exogenously administered

doxycycline showed significant delays in tumorigenesis compared

with tumors arising in control mice that did not receive doxycy-

cline (Fig. 6D; Supplementary Fig. S6E–S6G). These findings

demonstrate that miR-204 selectively inhibits MYCN-amplified

neuroblastoma cell proliferation in vitro and in vivo.

Discussion

Unravelling the mechanism by whichMYCN promotes tumor-

igenesis remains a significant biological challenge to neuroblas-

toma research, and highlights the need for mechanistic studies so

that ultimately therapeutic vulnerabilities of MYCN can be tar-

geted. Here, using an integrative gene expression analysis

approach, we have identified miRNA–mRNA expression subnet-

works that are active during neuroblastoma tumorigenesis. We

were able to validate these miRNA–mRNA subnetworks for their

relevance to human neuroblastoma by establishing their strong

association with MYCN amplification and patient prognosis.

From this analysis, we then confirmed that a candidate tumor

suppressor, miR-204, indeed directly bindsMYCNmRNA, repres-

sing MYCN expression in neuroblastoma cells, thus causing

inhibition of neuroblastoma cell growth in vitro and tumorigen-

esis in vivo.

We used a Bayesian learning model to derive a miRNA–mRNA

interaction network. This model has significant advantages to

identify potential interaction partners by considering the corre-

lation of expression values for miRNA–mRNA pairs across wild-

type and TH-MYCNþ/þ samples and also the predicted comple-

mentarity of the miRNA seed sequence (26). We then annotated

eachmember of the network according to Pi-score. The advantage

of the Pi-score method compared with pairwise differential

expression is that is summarizes gene expression changes for both

Figure 4.

MYCN represses miR-204 expression.

A, miR-204 expression with MYCN

knockdown. siRNA's directed against

MYCN were transfected into BE(2)C

and KELLY neuroblastoma cells and

24 hours after transfection, miR-204

expressionwasmeasured by real-time

PCR. MYCN knockdown was

confirmed by Western blotting

compared with nontargeting siRNAs.

GAPDH was used as a loading control.

Data displayed reflect the mean

relative expression of miR-204

compared with control siRNA-treated

samples from three biological

replicates. � , P < 0.05; �� , P < 0.01;
��� . P < 0.001. P value was calculated

using two-sided t test. B, Schematic of

ChIP-PCR strategy for MYCN

enrichment. TSS, transcription start

site. C, ChIP-PCR in BE(2)C cells for

MYCN binding at the miR-204

promoter. Relative MYCN enrichment

was calculated for miR-204 and ODC1

promoter by dividing PCR products

from target primers by PCR products

from primers targeting the negative

control region. Data displayed

represent the average MYCN

enrichment at target regions � SE

from three biological replicates.
� , P < 0.05; �� , P < 0.01.

miR-204 in Neuroblastoma Tumorigenesis

www.aacrjournals.org Cancer Res; 78(12) June 15, 2018 3129

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/1

2
/3

1
2
2
/2

7
6
3
9
9
8
/3

1
2
2
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



genotypes over time as a single metric and it quantifies time-

dependent gene expression changes by evaluating their linear

trend. Using this method, we could confirm miRNA–mRNA

interactions in the network, which had contrary expression

changes to identify miRNA–mRNA interactions that were more

likely to be inhibitory.

To prioritize miRNAs for biological investigation, we analyzed

miRNAs and their predicted mRNA targets in human tumor

samples. Two important clinical characteristics were used to

quantify the influence of miRNAs and miRNA signatures: (i)

differential expression in MYCN-amplified patients and (ii)

differential time of survival (as measured by Cox regression

coefficients). To prioritize miRNA for further biological valida-

tion, we used the greatest absolute difference of miRNAs com-

pared with their target mRNAs in these analyses. This metric was

selected to shortlist interactions that conform to the canonical

miRNAmechanism of action, that is, inhibiting its mRNA targets.

From this analysis, miR-204 was selected for having the greatest

absolute difference between the miRNA and miRNA signature in

both types of analysis, thus supporting our rationale to explore in

further biological assays. It is important to note though, while our

subsequent biological analyses of miR-204 validated this

approach, it is distinctly possible that other miRNAs have equally

important functions in regulation of tumorigenesis as small

Figure 5.

MYCN is a miR-204 target gene. A, MYC-related GSEA plots based on the ranked gene expression data from doxycycline-treated versus

doxycycline-untreated BE(2)C.miR-204 cells. Selected MYC-related gene sets are displayed. Gene sets are available in the Molecular Signatures Database.

NES, normalized enrichment score. B, MYCN-related GSEA plots based on the ranked gene expression data from BE(2)C.miR-204 cells in A. Gene sets for

MYCN target genes were curated from BE(2)C cells treated with MYCN siRNAs. Data is available at GEO accession numbers GSE71060 and GSE71061. Target genes

that are upregulated by MYCN ("MYCN targets up") or downregulated by MYCN ("MYCN targets down") were considered the 500 most down- or upregulated

genes upon MYCN siRNAs, respectively. C, Western blots for MYCN expression in BE(2)C.miR-204 or KELLY.miR-204 with miR-204 overexpression. miR-204

expression was achieved by treating cells with doxycycline. MYCN expression was quantified using densitometry relative to each cell line's respective

treatment control and normalized according to GAPDH loading control. Densitometry was determined across three biological replicates for each cell line. � , P <0.05;
�� , P < 0.01; ��� , P < 0.001. P value was calculated using two-sided t test on densitometry results (see Supplementary Fig. S5D). D, Biotin-conjugated miR-204 was

immobilized on streptavidin beads and miR-204–bound mRNAs were enriched from the lysates of BE(2)C cells. Left, schematic of the biotin-tagged miRNA

pulldown of target mRNA as part of the miRNA-associated RNA-induced silencing complex (miRISC). Right, real-time PCR results for miRNA pulldowns using

miR-204 as bait. Specific primers designed for MYCN or GUSB (negative control) were used to calculate their relative enrichment in miR-204 pulldowns

compared with control. Data displayed was determined from the average of three biological replicates � SE. �� , P < 0.01, ns, not significant (P > 0.05), calculated

by two-sided t test.

Ooi et al.

Cancer Res; 78(12) June 15, 2018 Cancer Research3130

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/1

2
/3

1
2
2
/2

7
6
3
9
9
8
/3

1
2
2
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



Figure 6.

miR-204 inhibits neuroblastoma cell proliferation and tumor growth. A, BrdUrd incorporation assays in MYCN-amplified and MYCN nonamplified cells

transfected with a miR-204 mimic. All data from miR-204 mimic are normalized relative to control mimic. Data displayed was determined from the average

of three biological replicates� SE. �� , P < 0.01; ��� , P < 0.001, calculated by two-sided t test. B, BrdUrd incorporation assays in SHEP21N cells. All data frommiR-204

mimic is normalized relative to control mimic. MYCN-low condition refers to cells treated with 1 mg/mL doxycycline in growth media, while MYCN-high

condition refers to DMSO in growth media. Data displayed were determined from the average of three biological replicates � SE. � , P < 0.05; ��, P < 0.01,

calculated by two-sided t test. C, Colony-forming assays in BE(2)C.miR-204 and KELLY.miR-204 cells. In BE(2)C.miR204 or KELLY.miR204 cells, miR-204

overexpressionwas achievedby treating cellswith doxycycline (DOX),whichwas refreshed in freshmedia every three days until the end of the assay. Colony number

percentagewas determined comparedwith the control condition, from the average of three biological replicates� SE. Representative images for colony number are

displayed at the bottom. �� , P < 0.01; ��� . P < 0.001, calculated by two-sided t test. D, Kaplan–Meier plots from xenograft tumor growth assays for BE(2)C.miR204

and KELLY.miR204 cells with or without miR-204 overexpression. Xenograft tumors were established in BALB/c nu/nu mice and miR-204 expression was

induced in each cell line by supplementing drinking water with doxycycline and sucrose (þDOX) compared with control mice, who were fed sucrose-supplemented

water (�DOX). Water was administered ad libitum. miR-204 overexpression was determined by green fluorescent protein fluorescence in þDOX-treated

mice compared with�DOX-treatedmice (see Supplementary Fig. S6A and S6B). Time until maximum tumor burden (1,000mm3) was then determined for all mice.

Differences in time until maximum tumor burden due to miR-204 overexpression was calculated using log-rank tests, with P values as indicated.
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miRNA expression changes may have profound impact due to

coordinated changes inmultiple target gene levels. Indeed, within

the interaction network, there were a number of predicted inter-

actions, for which there is already strong evidence in the literature.

For instance, the miR-17–92 cluster members and its paralogs

from the miR-106a-363 and miR-106b-25 clusters accounted for

8 of 14 miRNA members of the "oncomiR hub," consistent with

their established role as oncogenicmiRNAs (32).Moreover,many

of thesemiRNAs are known to be positively regulated byMYC(N)

transcriptional activity, and have been identified to promote

neuroblastomapathogenesis (33).Our analysis ofmiRNAexpres-

sion andmiRNA target signatures for oncomiRs in human tumors

mostly confirmed what is known about the miRNAs in neuro-

blastoma, with a general positive association between the onco-

miRs and MYCN amplification. These findings are useful as they

support the validity of our networkmethodology. In addition, the

possibility remains that while miR-204 was the focus of our

investigation, other members of the "tumor suppressor hub,"

could have synergistic effects on cell functions by virtue of their

common predicted mRNA targets. Further research to deconvo-

lute the contributions of network members will be a valuable

future study to appreciate the biological relevance of these find-

ings from a systems-level perspective.

On the basis of our human tumor analysis of miRNA and

miRNA target signatures, we then confirmed that miR-204 has

a tumor suppressor role in neuroblastoma. In agreement, most

functional studies that have explored miR-204 function in

cancer cells have demonstrated that miR-204 overexpression

inhibits cancer viability, proliferation, drug resistance, or

migration/invasion (34–37). However, this tumor-suppressive

role appears to be somewhat context-dependent and in rarer

cases such as in prostate cancer, miR-204 has a dual role and

can act as an oncogene in some cell lines (38, 39). This context

dependence is likely explained by variable expression patterns

of target genes in particular cell types. In our study, we showed

that MYCN is a direct target gene of miR-204 and this may

govern why miR-204 functions as a tumor suppressor in

neuroblastoma cell lines. The novel interaction between

miR-204 and MYCN has potential implications for other

cancers that present with MYCN amplification or overexpres-

sion, such as medulloblastoma or neuroendocrine prostate

cancer (40, 41). Moreover, it will be important to explore

whether miR-204 also regulates the highly conserved MYCN

homolog, MYC, which is deregulated in approximately half of

all human cancer.

We identified miR-204 as a transrepression target of MYCN,

where ChIP assays demonstrated that MYCN directly bound near

Ebox-binding motifs in the pre-miR-204 gene promoter of chro-

mosome 9. MYCN can drive transrepression through multiple

mechanisms. Direct DNA binding of MYCN to Ebox-binding

motifs can lead to recruitment of histone methylation complex

PRC2 toprepress chromatin accessibility (42). In addition,MYCN

can tether to DNA indirectly by physically binding other DNA

binding transcription factors such as MIZ1 and SP1, which can

lead to histone deacetylase recruitment and chromatin silencing

(43–45). Notably these mechanisms of MYC(N)-driven transre-

pression represent promising anticancer targets and are the focus

of numerous preclinical studies (42, 46–48). Future work will

unveil mechanisms by which MYCN represses miR-204 expres-

sion so that miR-204 reactivation therapies can be conceived for

MYCN-driven neuroblastoma.

We also showed that miR-204 physically bound and

repressed MYCN mRNA. RNA22 predicted binding to the

MYCN coding region, thus explaining why recent MYCN 30

UTR binding screens failed to detect miR-204 binding to MYCN

(29). As miR-204 is downregulated by MYCN in neuroblasto-

ma cells, this permits MYCN to maintain its expression at a

continued high level through tumor initiation and progression.

Our findings therefore suggest that for MYCN amplification to

achieve its "driver" potential in tumorigenesis, part of its

mechanism is to inhibit miR-204 expression, thereby reinfor-

cing its own expression levels by preventing miR-204–mediated

negative feedback. This finding reflects much of the literature,

which has identified multiple independent mechanisms by

which MYCN expression is maintained at high levels in neu-

roblastoma cells, whether it is by mechanisms that driveMYCN

gene transcription, mRNA stability/translation, or protein sta-

bility (8, 13, 49–52). As MYCN amplification already generates

very high MYCN expression, these findings collectively suggest

MYCN-driven tumorigenesis is dependent on excessive MYCN

levels in the face of many normal cellular mechanisms that aim

to reduce MYCN levels. These observations highlight a poten-

tial susceptibility of neuroblastoma cells for therapeutic mea-

sures that restore endogenous MYCN inhibitors such as miR-

204 or inhibit mechanisms that promote high MYCN levels

(13, 49, 50, 53, 54). Whether miR-204 could be used as a novel

therapeutic strategy to target MYCN expression remains to be

determined. Future work should address potential therapeutic

strategies to reactivate miR-204 expression in neuroblastoma or

gene therapy alternatives in which miR-204 could be delivered

as an exogenous therapeutic.

In this study, we have used a miRNA–mRNA interaction

network approach to identify miR-204 as a candidate tumor

suppressor in neuroblastoma. We describe a novel double neg-

ative feedback loop between MYCN and miR-204 in neuroblas-

toma cells and identifymiR-204 as an inhibitor of neuroblastoma

proliferation in vitro and in vivo.
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