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NeuroD1 is a neuronal differentiation factor that contains a basic helix—loop—helix (bHLH) motif. Recently,
NeuroD1 was found to be associated with tumorigenesis in neuroblastoma (NB) and is known to promote cell
proliferation and migration in these cells. Here we found that MYCN regulates the expression of NeuroD1 in
NB cells and that the downregulation of MYCN using short hairpin RNAs (shRNA) results in the inhibition
of cellular proliferation in NB cells. Moreover, the phenotype induced by MYCN shRNA was rescued by
the exogenous expression of NeuroD1. Chromatin immunoprecipitation (ChIP) assay showed that MYCN
directly binds to the E-box element in the NeuroD1 promoter region. In addition, our evaluation of two clini-
cal databases showed that there was a positive correlation between the expression of MYCN and NeuroD1 in
NB patients, which supports our in vitro data. In conclusion, this study demonstrates that MY CN-regulated
NeuroD1 expression is one of the important mechanisms underlying enhanced cellular proliferation induced
by the increase in MYCN expression in NB, and our results provide an important therapeutic target for NB in

the future.
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INTRODUCTION

Neuroblastoma (NB) is the most frequently observed
extracranial pediatric solid tumor, accounting for approx-
imately 15% of all pediatric cancer deaths, and the prog-
nosis of this tumor is poor'. NB are initially derived
from the sympathetic neuron lineage of neural crest cells
and can develop anywhere in the sympathetic nervous
system??. Significant progress in the clinical treatment of
NB has reduced the overall mortality rate of this disease
during the last few decades*. However, the underlying
molecular mechanisms and causes of NB have not yet
been identified.

NeuroD1, also known as BETA2, was first reported by
Naya et al. as a B-cell-specific transactivator>°. NeuroD1
has subsequently been isolated as a neurogenic differen-
tiation factor in both frog and mouse embryos and can
convert embryonic epidermal cells into fully differenti-
ated neurons in Xenopus models while promoting the dif-
ferentiation of neural precursor cells’. NeuroD1 is highly
expressed in the sensory neurons during both cochlear and

vestibular development and is also found in the develop-
ing spinal ganglia, all of which originate from neural
crest cells®®. In addition, it has been recently reported that
NeuroD1 plays an important role in maintaining neural
precursor cells during adult neurogenesis'. Furthermore,
analysis of the clinical data of human NB has revealed
that increased NeuroD1 expression is closely associated
with poor prognosis, suggesting that NeuroD1 could
be involved in NB tumorigenesis!!. Our previous study
found that NeuroD1 promotes NB cell proliferation by
inducing ALK expression'?, which is one of the critical
genes indicating predisposition for NB and contributes
to unfavorable outcomes in patients. Thus far, the data
suggest that NeuroD1 is an important oncogenic factor in
NB, the functions of which are closely related to tumor
cell motility, proliferation, and invasion'*-"*. However,
the reason for the aberrant NeuroD1 expression in NB
has not been revealed.

Transcription factor MYCN is considered as one of
the most important factors for tumorigenesis in NB'®.
MYCN is frequently amplified in unfavorable NB
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and promotes its invasion, metastasis, and growth!.
However, MYCN expression is also indispensable for
normal development'. During neural crest development
in avian embryos, MYCN is firstly expressed throughout
the entire cell population, and then as development con-
tinues its expression is modified to support two stages
of neural crest development: neural crest migration and
differentiation'®?, It is believed that NB originates around
these two periods in which the hierarchical expression of
regulatory molecules is implemented to determine the
appropriate fate of neural crest cells and the production
of the various different nervous tissues, such as the spinal
and cranial ganglia®'.

It is also generally accepted that there is a close con-
nection between tumorigenesis and normal development.
Considering the roles of NeuroD1 and MYCN in neural
crest development, neurogenesis, and the development of
NB, we hypothesized that there is a potential correlation
between NeuroD1 and MYCN activity. In this study, we
found that MYCN regulates NeuroD1 expression in NB
cells. Clinical data also support a strong positive corre-
lation between the expression of MYCN and NeuroDI
in NB patients. Additionally, the exogenous expression
of NeuroD1 rescued the cell growth impaired by MYCN
inhibition in NB cell lines. Finally, we identified NeuroD1
as a direct transcriptional target of MYCN using chro-
matin immunoprecipitation (ChIP) assay and luciferase
reporter assay. Taken together, these results suggest that
NeuroD1 could be a potential therapeutic target in NB.

MATERIALS AND METHODS
Plasmids

Nontargeting short hairpin RNA (shRNA) and spe-
cific shRNAs against human MYCN were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The shRNA
sequences are listed in Table 1. A human MYCN cDNA
clone and a NeuroD1 cDNA were amplified from human
embryonic kidney (HEK) 293 cell cDNA using attB-
flanked primers and then cloned into lentivirus-based
CMV-RfA-IRES2-Venus vector (RIKEN BioResource
Center, Ibaraki, Japan). CMV-Venus was used as a control
expression vector.

Cell Culture and Transfection

The human NB cell line SH-SY5Y was obtained from
the American Type Culture Collection (Manassas, VA,

Table 1. shRNA Sequences
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USA). The human NB cell line IMR-32, CHP-134, and
SK-N-AS cells were purchased from RIKEN (Tsukuba,
Japan). The NB cells were cultured in RPMI supplemented
with 10% heat-inactivated fetal bovine serum (FBS)
under 5% CO, at 37°C. HEK293T cells were obtained
from IFOM (Milano, Italy), and the cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plied with 10% heat-inactivated FBS. For transfection
experiments, the NB cells were incubated with plasmid
containing lentivirus in the presence of 8 g/ml polybrene
(Sigma-Aldrich) for 24 h. The lentivirus packaging was
performed as previously described''. Transfection experi-
ments in HEK293T cells were performed with FuGENE
HD (Promega, Madison, WI, USA).

Quantitative Polymerase Chain Reaction (qPCR)

Total RNA extraction and qPCR were carried out
with an ISOGEN (Nippon Gene, Tokyo, Japan) kit and
SYBR Green Realtime PCR Master Mix (TOYOBO) as
previously described'?. The primers used are listed in
Table 2.

Western Blot Analysis

Cell lysates were prepared using radioimmunoprecipi-
tation assay (RIPA) lysis buffer and were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to nitrocellulose mem-
branes (GE Healthcare, Marlborough, MA, USA). The
membrane was blocked with 5% dry milk in phosphate-
buffered saline (PBS) for 1 h and was then incubated with
the indicated primary antibody at 4°C overnight. After
washing, the membrane was incubated with horserad-
ish peroxidase-conjugated secondary antibodies at room
temperature for 1 h, and peroxidase activity was detected
using ECL (GE Healthcare). Anti-MYCN (1:1,000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
NeuroD1 (1:500; Cell Signaling Technology, MA, USA),
and anti-B-actin (1:1,000; Sigma-Aldrich) antibodies
were used.

Cellular Proliferation Assays

The infected cells were reseeded in 96-well cell culture
plates and allowed to adhere overnight. At day 0, the cul-
ture medium was changed to DMEM supplemented with
2% heat-inactivated FBS. At each time point, the cell num-
ber was calculated based on their absorbance at 450 nm
using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).

shRNA Clone

shRNA Sequence (5'-3")

Human MYCN shRNA-1
Human MYCN shRNA-2

CCGGGCCAGTATTAGACTGGAAGTTCTCGAGAACTTCCAGTCTAATACTGGCTTTTT
CCGGCGGACGAAGATGACTTCTACTCTCGAGAGTAGAAGTCATCTTCGTCCGTTTTT
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Table 2. Primer Sequences for PCR Experiments

Primer Name

Forward Primer Sequence (5'-3")

Reverse Primer Sequence (5-3")

Human NeuroD1 AAGCCATGAACGCAGAGGAG  CTGAACGAAGGAGACCAGGT
Human GAPDH ATCATCCCTGCCTCTACTGG CCCTCCGACGCCTGCTTCAC
Human MYCN CGACCACAAGGCCCTCAGTA  CAGCCTTGGTGTTGGAGGAG
ChIP for E-box CGGAGTCTCTAACTGGCGAC ACTTCTCCCCACGCCTTGCT

ChIP Assay

ChIP assays using IMR-32 cells were carried out as
previously reported®, using an anti-MYCN antibody.
Primer information is listed in Table 2.

Soft Agar Assay

The six-well plate was plated with 1.5 ml of bottom
agar (0.5% agar/RPMI + 10% FBS) per well. IMR-32
cells (2,500 cells per well) transfected with indicated
vectors were mixed with top agar (0.33% agar/RPMI +
10% FBS) and were then plated on the bottom agar. The
colonies were stained with crystal violet and counted 2
weeks later.

Luciferase Reporter Assay

The NeuroD1 promoter region (from —235 to +30)
amplified from genomic DNA of HEK293 cells was
cloned into pGL4.74 (Promega). pGL4.74-Mut was
generated by site-directed mutagenesis replacing E-Box
(CACGTG) with CGCGAC. The HEK293T cells (5§ x
10* cells/well) were seeded in a 24-well plate and
allowed to adhere overnight. HEK293T cells were
transfected with pRL-CMV (Renilla) control reporter,
pGL4.74-NeuroD1 or pGL4.74-Mut, MYCN expression
vector, or control-expressing vector with FuGENE HD.
Forty-eight hours after transfection, cells were lysed,
and both Firefly and Renilla luciferase activities were
measured with the Dual-Luciferase Reporter Assay sys-
tem (Promega) according to the manufacturer’s instruc-
tions. The firefly luminescence signals were normalized
by those of Renilla.

Statistical Analysis

Statistical analyses were performed using GraphPad
software (GraphPad Software, San Diego, CA, USA).
The p value was calculated using a Student’s t-test, and
results are presented as the mean + standard deviation
(SD).

RESULTS

NeuroD1 Expression Is Closely Associated With
MYCN Expression in NB

To identify the relationship between MYCN and
NeuroD1, we initially examined the mRNA expression
levels of MYCN and NeuroD1 in the CHP-134, IMR-32,

SK-N-AS, and SH-SYS5Y cell lines. The results showed
that NeuroD1 was highly expressed in CHP-134 and
IMR-32 cells (MYCN amplified cell lines), while it
was lowly expressed in SK-N-AS and SH-SYSY cells
(non-MYCN amplified cell lines) (Fig. 1A and B),
suggesting that there might be an underlying connection
between these two genes in NB. In order to investigate
the relationship between MYCN and NeuroD1, we
performed knockdown experiments with two different
shRNAs targeting MYCN. CHP-134 and IMR-32 cells
were infected with control sShRNA or MYCN shRNA-
containing lentivirus, respectively. Twenty-four hours
after infection, puromycin (final concentration: 2 pg/ml)
was added to the cell culture medium for achieving the
shRNA-positive cells. At day 3, total RNA and protein
were extracted, and qPCR and Western blot analysis were
performed, respectively. The results showed that MYCN
shRNAs significantly suppressed MYCN expression at
both the mRNA and protein levels in IMR-32 cells and
CHP-134 cells, and the expression level of NeuroDI
was decreased as well (Fig. 1C-F). To further investi-
gate the relationship between MYCN and NeuroDI, an
MYCN-expressing vector was used to infect SK-N-AS
and SH-SYSY cells, which are nonamplified MYCN
NB cell lines. Subsequently, the expression of NeuroD1
was significantly increased along with elevation of
MYCN expression (Fig. 2A-D). These results suggest
that NeuroD1 might be a potential downstream factor of
MYCN in NB cells.

There Was a Strong Correlation Between MYCN
and NeuroD1 Expression in Clinical Cases of NB

To determine whether the in vitro expression data cor-
related with the clinical features of human NB, we exam-
ined two datasets (Versteeg-88 and Jagannathan-100
datasets) of clinical NB tumor samples from the R2 plat-
form, which is a publicly accessible web-based genom-
ics analysis and visualization platform (http://r2.amc.
nl), allowing researchers to work on larger datasets. In
these datasets, we found that the expression of MYCN
was strongly positively related to NeuroD1 expression
(Versteeg-88, inss-std, n = 40, r = 0.481, p = 1.69¢73;
Jagannathan-100, inss-st4, n = 78, r = 0.488, p = 5.82¢°)
(Fig. 3A and B), which is consistent with the results from
the in vitro evaluations.
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Figure 1. Knockdown of MYCN results in reduced NeuroD1 expression in neuroblastoma (NB) cell lines. (A, B) The mRNA
expression levels of MYCN and NeuroD1 were detected by quantitative polymerase chain reaction (QPCR) in CHP-134, IMR-32,
SK-N-AS, and SH-SYS5Y cell lines. (C-F) IMR-32 and CHP-134 cells were infected with control short hairpin RNA (shRNA) and two
independent MYCN shRNAs. The mRAN levels of MYCN and NeuroD1 were examined by qPCR. The results represent the mean
+ standard deviation (SD) (n = 3). **p < 0.001 versus the control group (MYCN), ##p < 0.001 versus the control group (NeuroD1)
(C, E). The protein levels of MYCN and NeuroD1 were examined by Western blotting. Actin was used as the loading control (D, F).
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Figure 2. Overexpression of MYCN enhances the expression of NeuroD1 in NB cell lines. (A, C) SK-N-AS cells or SH-SY5Y cells
were infected with MYCN expression vector or control-expressing vector for 3 days. The qPCR analysis was performed to detect the
expression level of NeuroD1. The results represent the mean + SD (n = 3). **p < 0.001 versus the control group. (B, D) The protein

level of MYCN was examined by Western blotting.

The Inhibition of Cell Growth Following MYCN
Knockdown Can Be Restored by the Exogenous
NeuroD1 Expression in NB

We further investigated whether NeuroD1 could rescue
the phenotype induced by MYCN knockdown in NB cells.
IMR-32 cells were infected with control shRNA, MYCN
shRNA-1, or MYCN shRNA-1 plus NeuroD1-expressing
vector containing lentivirus, and then the cell prolifera-
tion assays were performed at indicated time points. The
results showed that the cells treated with MYCN shRNA
showed inhibited cell growth, while exogenous expres-
sion of NeuroD1 was sufficient to restore cellular pro-
liferation in these cells (Fig. 4A—C). Moreover, we then
conducted a soft agar colony formation assay (Fig. 5A).

As expected, the decreased efficiency of cell colony
formation by MYCN shRNA treatment was successfully
rescued by exogenous expression of NeuroD1 (Fig. 5B
and C), suggesting that NeuroD1 could be a significant
downstream factor in MYCN signaling pathway, making
it critical to the characteristic increase in cellular prolif-
eration associated with NB.

MYCN Regulates NeuroD1 Expression by Directly
Binding to its Promoter Region

MYCN is a basic helix—loop-helix (bHLH) transcrip-
tion factor that binds to E-box elements in the promoter
regions of its target genes promoting various physiologi-
cal functions such as cell cycle progression, apoptosis,
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Figure 3. NeuroD1 expression is tightly associated with MYCN in NB patients (http://r2.amc.nl). (A, B) MYCN expression was
highly correlated with that of NeuroD1 (Versteeg-88, inss-st4, n = 40, r = 0.481, p = 1.69¢73; Jagannathan-100, inss-st4, n = 78, r =

0.488, p = 5.82e™).

and cellular transformation?. The presence of a canoni-
cal (CACGTG) E-box site is generally considered as an
indication of MYCN regulation region, as the E-box is
a high-affinity binding site for the MYCN protein. To
evaluate whether MYCN directly binds to the NeuroD1
gene, we analyzed the sequence of the NeuroD1 promoter
and found a CACGTG motif located within its promoter
(Fig. 6A). We then performed a ChIP assay to check
whether MYCN protein binds to the potential regulatory
region in the human NeuroD1 gene. As shown in Figure
6B and C, the amount of amplified product precipitated
by the anti-MYCN antibody was significantly increased
in both IMR-32 and CHP-134 cells compared with those
precipitated by the IgG antibody, suggesting that MYCN
could bind to the promoter region of NeuroD1. To con-
firm functional regulation of the NeuroDI promoter
by MYCN protein, we carried out a luciferase reporter
assay. In Figure 6D, the luciferase activity driven by the
NeuroD1 promoter with the intact E-box was significantly
higher than that with the mutated E-box. These results

suggested that NeuroD1 was directly targeted by MYCN
in NB, at least at this genomic site.

DISCUSSION

Since the discovery of NeuroD1 in 1995, it has con-
tinued to capture extensive interest, and its various
functions have been gradually reviewed. To date, there
have been two seemingly conflicting findings regarding
the functions of NeuroDI. Firstly, the expression of
NeuroD1 is involved in the development of the ner-
vous and endocrine systems™’. As a bHLH transcription
factor, NeuroD1 plays an important role in embryonic
neurogenesis of the central and peripheral nervous sys-
tems, where a lack of NeuroDI results in a decrease in
the number of cerebellar granule cells, sensory neuronal
cells, and newborn neurons in the adult hippocampus
and olfactory bulb*®*?. During neurogenesis, NeuroD1 is
involved in promoting neural progenitor cell self-renewal
and differentiation®. Secondly, NeuroD1 is also consid-
ered an oncogene that promotes cellular proliferation and
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Figure 4. Overexpression of NeuroD1 can restore the efficiency of cell growth in response to MYCN inhibition in NB cell lines. (A)
IMR-32 cells were infected with control ShRNA, MYCN shRNA-1, or MYCN shRNA-1 plus NeuroD1-expressing vector containing
lentivirus. The images were captured at day 5 after infection. (B) The protein level of NeuroD1 was examined by Western blotting. (C)
Cell counting kit 8 (CCK-8) assay was performed to detect cellular proliferation. The results represent the mean + SD (n = 3). **p <
0.001 versus the control group; ##p < 0.001 versus the MYCN shRNA-1 group.

motility and is associated with poor prognosis in NB!!. In
addition, knockdown of NeuroD1 causes growth suppres-
sion in tumor spheres, which are considered to be tumor-
initiating cells*, suggesting that the function of NeuroD1
is critically linked to maintaining the stemness properties
of NB cells.

In approximately 25% of human NB, the amplifica-
tion of the MYCN oncogene and the overexpression
of MYCN protein are closely related to the aggressive
progression of tumors and poor prognosis in patients>>%,
As a member of the Myc family of basic helix—loop zip-
per transcription factors, MYCN has a variety of physi-
ological and pathological functions associated with the
occurrence and development of NB. It has been reported

that targeted MYCN overexpression in the sympathetic
neurons can initiate NB in mouse models”. The tran-
scriptional induction of the MYCN target genes is the
key mechanism underlying the excessive growth of
MYCN-amplified NB. However, despite many achieve-
ments, the molecular mechanism underlying the link
between MYCN and the aggressive progression of NB
has not been fully elucidated. In this study, we demon-
strated that MYCN directly targets NeuroD1 and induces
the expression of NeuroD1, which may contribute to the
increase in NeuroD1 expression in NB.

A comprehensive understanding of peripheral nervous
system development, especially sympathetic neuron
development, is required to understand the underlying
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Figure 5. Overexpression of NeuroD1 restores cell colony formation following MYCN knockdown in NB cell lines. (A) Soft agar
colony formation assays were performed using IMR-32 cells infected with control sShRNA, MYCN shRNA-1, or MYCN shRNA-1
plus NeuroD1-expressing vector containing lentivirus. (B, C) The total colony number and colony number (>100 mM) were counted
and compared to evaluate cell colony-forming capacity. The results represent the mean + SD (n = 3). *p < 0.01, **p < 0.001 versus
the control shRNA group. #p < 0.01, ##p < 0.001 versus MYCN shRNA-1 group.

molecular mechanisms supporting NB tumorigenesis®.
During the progression of the peripheral nervous system,
neural crest cells, which experience both migration and
differentiation, give rise to various types of neuronal
cells regulated by multiple bHLH transcription fac-
tors in a cascading manner®. The expression of MYCN
promotes ventral migration and neuronal differentiation
in neural crest cells'®?, while activation of NeuroDl1

is necessary for developing sensory neurons that also
originate from neural crest cells®®. As both of these genes
are essential for peripheral neurogenesis, further in vivo
studies focusing on the links between these two genes
are required. These studies may highlight NeuroD1 as
an important therapeutic target downstream of MYCN
and provide a potential clue for investigating tumori-
genesis in NB.
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