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Abstract 

We conducted a high-content screening (HCS) in neuroblastoma BE(2)-C cells to identify cell cycle 
regulators that control cell differentiation using a library of siRNAs against cell cycle-regulatory genes. 
We discovered that knocking down expression of cyclin dependent kinase inhibitor 3 (CDKN3) showed 
the most potent effect in inducing neurite outgrowth, the morphological cell differentiation marker of 
neuroblastoma cells. We then demonstrated that CDKN3 knockdown increased expression of 
neuroblastoma molecular differentiation markers, neuron specific enolase (NSE), βIII-tubulin and growth 
associated protein 43 (GAP43). We further showed that CDKN3 knockdown reduced expression of cell 
proliferation markers Ki67 and proliferating cell nuclear antigen (PCNA), and reduced colony formation 
of neuroblastoma cells. More importantly, we observed a correlation of high tumor CDKN3 mRNA 
levels with poor patient survival in the investigation of public neuroblastoma patient datasets. In exploring 
the mechanisms that regulate CDKN3 expression, we found that multiple strong differentiation-inducing 
molecules, including miR-506-3p and retinoic acid, down-regulated CDKN3 expression. In addition, we 
found that N-Myc promoted CDKN3 expression at the transcriptional level by directly binding to the 
CDKN3 promoter. Furthermore, we found that CDKN3 and two additional differentiation-regulating 
cell cycle proteins identified in our HCS, CDC6 and CDK4, form an interactive network to promote 
expression of each other. In summary, we for the first time discovered the function of CDKN3 in 
regulating neuroblastoma cell differentiation and characterized the transcriptional regulation of CDKN3 
expression by N-Myc in neuroblastoma cells. Our findings support that CDKN3 plays a role in 
modulating neuroblastoma cell differentiation and that overexpression of CDKN3 may contribute to 
neuroblastoma progression. 
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Introduction 
Neuroblastoma is one of the most common solid 

tumors of childhood (1, 2). It accounts for more than 
15% of childhood cancer-related deaths (1, 3). 
Neuroblastoma arises from the neural crest cell 
precursors of the sympathetic nervous system that fail 
to complete the process of differentiation (4-6). For 
this reason, neuroblastoma cells retain some of the 
features of neural crest progenitor cells, including the 
ability to undergo neuronal differentiation upon 
stimulation with differentiation agents. Due to this 
feature, differentiation therapy, a treatment approach 

focusing on inducing differentiation of malignant 
cells, has been applied to treat neuroblastoma (2, 7). 
However, because the response rate of neuroblastoma 
patients to current differentiation agents is poor, more 
effective differentiation agents need to be developed 
for treating these resistant patients. Due to the poor 
understanding of the mechanisms that control 
neuroblastoma cell differentiation, development of 
new effective differentiation agents has been slow in 
the past few decades. Elucidating the mechanisms of 
cell differentiation and undercovering the key 
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molecular pathways involved are essential for 
developing novel and effective approaches to 
differentiation therapy.  

Many studies have shown that the process of cell 
differentiation accompanies cell cycle arrest (8-16). 
Cell cycle arrest has been shown to induce various 
cellular processes such as differentiation, senescence, 
and apoptosis. In neuroblastoma cells, specific cell 
cycle regulatory proteins have been functionally 
linked to cell differentiation (11, 17-20). For example, 
Molenaar et al. demonstrated that knockdown of the 
G1-entry checkpoint regulators Cyclin D1, cyclin 
dependent kinase 4 (CDK4) and CDK6 induced 
extensive neuronal differentiation, G1-specific cell 
cycle arrest, and significant cell growth arrest (21). In 
addition, amplification of CDK4 gene and its aberrant 
expression have been observed in neuroblastoma (22, 
23), and increased expression of cyclin D1 has been 
linked to the undifferentiated phenotype of 
neuroblastoma (21). These studies suggest that 
dysregulation of cell cycle progression contributes to 
neuroblastoma tumorigenesis by disrupting the cell 
differentiation process. Targeting cancer cell cycle 
progression has been an important strategy for 
treating cancer, and inhibitors for key oncogenic cell 
cycle regulators have been developed to treat various 
types of cancers (24-26). However, the role of cell cycle 
progression in neuroblastoma cell differentiation 
process is not fully understood, which prevents the 
development of differentiation therapies that target 
cell cycle progression. For example, the role of many 
cell cycle regulators in neuroblastoma cell 
differentiation has not been investigated. A 
comprehensive investigation of all known cell cycle 
regulators may reveal the novel roles of certain cell 
cycle regulators in regulating neuroblastoma cell 
differentiation, which may provide novel targets for 
developing new differentiation therapy.  

Using a high-content screening (HCS) approach 
that we previously developed (27), we systematically 
investigate the role of all known cell cycle regulators 
in modulating neuroblastoma cell differentiation by 
exploiting siRNAs against currently identified cell 
cycle-regulatory genes. Through the HCS we 
identified a novel mechanism centered by cyclin 
dependent kinase inhibitor 3 (CDKN3) that regulates 
neuroblastoma cell differentiation, and we further 
investigated the clinical relevance of this regulatory 
mechanism in neuroblastoma patient prognosis based 
on published neuroblastoma patient datasets. 

Materials and Methods 
Cell lines. Neuroblastoma cell lines BE(2)-C, 

SK-N-BE(2) and BE(2)-M17 were from the American 
Type Culture Collection (ATCC), cell line LAN6 was 

from Children’s Oncology Group (COG), and cell line 
KELLY was from Sigma. HEK-293T cells were from 
Sigma. Neuroblastoma cells were grown in 
DMEM/F-12 medium (Corning) supplemented with 
10% Equafetal bovine serum (Atlas Biologicals). 
HEK-293T cells were grown in RPMI-1640 (Corning) 
supplemented with 5% Equafetal bovine serum.  

Reagents and materials. siRNAs and control 
oligonucleotides (oligos) were obtained from 
Dharmacon Inc. Transfection reagents RNAiMax 
were from Life Technologies. Rabbit antibodies 
against CDKN3, βIII-tubulin, Growth Associated 
Protein (GAP43), neuron specific enolase (NSE), Ki67 
and Proliferating Cell Nuclear Antigen (PCNA) were 
from Abcam. The rabbit anti-Calnexin antibody was 
from Thermo Fisher. Rabbit antibodies against CDK4, 
CDC6 and MYCN, as well as horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG, were from Cell 
Signaling Technology.  

Detection and quantification of neurite 
outgrowth. Neuroblastoma cells were plated and 
treated in 96-well plates. For detecting neurite 
outgrowth, cells were placed into a ZOOM IncuCyte 
Imaging System (Essen Bioscience) and cell images 
were taken under 20X microscopic magnification. The 
neurite length associated with each treatment was 
calculated using the neurite definition defined 
specifically for each neuroblastoma cell line using the 
NeuroTrack system.  

Quantitative RT-PCR (qRT-PCR). Total RNA 
was isolated from neuroblastoma cells using TRIZOL 
(Thermo Fisher). 2 µg RNA was reverse transcribed 
into cDNA using a High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems). An aliquot of 
cDNA corresponding to 50 ng of RNA was used for 
the qPCR amplification in an ABI 7000 using Maxima 
SYBR Green master mix (Thermo Fisher) with 
GAPDH mRNA expression as an internal control for 
normalization of RNA loading. Threshold cycle times 
(Ct) were obtained, and relative gene expression was 
calculated using the comparative cycle time method.  

Western blots. Cell lysates were prepared using 
RIPA buffer. Protein concentration was determined 
using the Pierce BCA assay (Thermo Fisher). For 
electrophoresis, equal amounts of cell lysate were 
resolved by SDS-PAGE and transferred to PVDF 
membranes (Thermo Fisher). Membranes were 
blocked with 5% dry milk dissolved in TBST buffer, 
and then the membranes were probed with the 
primary antibodies. Bound antibodies were detected 
with HRP-conjugated IgG and visualized using 
enhanced chemiluminescent (ECL) substrate (Pierce). 
The images were taken by ChemiDoc XRS+ imager 
(Bio-Rad Laboratories). The intensities of the bands 
were quantified using the ImageJ software. For 
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quantitative comparison between treatment groups, 
the raw band intensities in the Western blot images 
were quantified using ImageJ, and the relative band 
intensities were derived as the following: the raw 
band intensity of a specific protein in a specific 
treatment group was first normalized to its 
corresponding loading control (i.e., calnexin). Then 
the calnexin-normalized band intensity in the 
treatment group was further normalized to that in the 
control group.  

MTT assay to measure cell viability. Cell 
viability was measured by MTT (3-(4,5—Dimethyl-
thiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay 
as before (28). Briefly, cells were plated in 96-well 
plates and treated as specified. MTT was then added 
and incubated for 2 h at 37 oC. Precipitates were 
centrifuged down and dissolved in DMSO. The 
absorbance at 570 nm and 630 nm were measured and 
the difference in the two absorbance values was 
calculated to determine relative cell viability.  

Colony formation assay. 5,000 cells were 
transfected with the specified oligoes at 20 nM and 
plated into 10 cm dishes. Two weeks later, cell 
colonies were stained with 0.5% crystal violet. The 
number and size of colonies were quantified using 
ImageJ 1.54d.  

Promoter luciferase reporter assay. The putative 
MYCN binding E-box was predicted using ConTra V3 
prediction tool. DNA fragments of the wildtype (WT) 
CDKN3 promoter (positions -468 bp to -15 bp in the 
CDKN3 gene) containing the putative E-box binding 
site (CAACTG) of MYCN were amplified by PCR 
using Phusion enzyme (New England Biolabs) and 
inserted into pGL3B luciferase reporter vector 
(Promega) between Sac I and Hind III cloning sites to 
generate the WT reporter vector (PWT-Luc). Mutated 
pGL3B vector (PMU-Luc) containing mutant E-box site 
(ACATCT) was generated using the site-directed 
mutagenesis kit. HEK-293T cells were co-transfected 
with pGL3B luciferase reporter and MYCN 
expression vector. Luciferase activities were 
measured after 48 h using Luciferase Assay System 
(Promega) on a BioTek Synergy H4 microplate reader.  

Chromatin immunoprecipitation-PCR (CHIP- 
PCR) assay. CHIP-PCR was performed according to 
published procedures with some modifications (29). 
Briefly, four 10-cm dishes of cells were treated with 
1% formaldehyde for 10 min at room temperature for 
cross-linking. Cross-linking was stopped by 125 mM 
of glycine. Cells were then washed with cold PBS, 
scraped into PBS containing protease inhibitors, 
pelleted by centrifugation, resuspended in lysis buffer 
(5 mM Tris, pH 8, 85 mM KCl, 0.5% NP-40, and 
protease inhibitors), and incubated on ice for 20 min. 
Cells were then ruptured by passing through a 22 

gauge needle for ten times, and nuclei were pelleted, 
washed in lysis buffer, and resuspended in sonication 
buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 1% NP-40, 1% deoxycholate, 0.1% SDS, and 
protease inhibitors) and incubated on ice for 10 min 
on ice. The nuclei solution was sonicated on ice using 
a Tissue Tearor Homogenizer. The solution was then 
centrifuged, and the supernatant was pre-cleared 
using bovine serum albumin (BSA)-blocked protein 
A/G agarose beads for 4 h. Aliquots of the pre-cleared 
chromatin were then incubated with 2 µg antibody 
overnight at 4 °C. As a negative control (the Input), 
one aliquot was incubated without antibody. Immune 
complexes were captured with 40 µl of pre-blocked 
protein A/G agarose, washed with cold washing 
buffer (50 mM HEPES pH 7.5, 500 mM LiCl, 1 mM 
EDTA, 1% NP-40, 0.7% deoxycholate and protease 
inhibitors) and Tris-EDTA (TE) buffer, and then 
resuspended in 200 µl TE. Samples were then digested 
with RNase A and proteinase K at 55 °C for 3 h, then 
incubate at 95 °C for 10 minutes. The co-precipitated 
DNA was then isolated using PCR purification 
column (Qiagen). The isolated DNA was eluted using 
50 µl of 10 mM Tris. 1 µl of the eluted DNA was used 
for PCR. Primer set 1 (Forward TCCAGCGTCCCCCA 
AGCGCTAG, Reverse TGGGTGGCCGAAGACTCG 
GCC) was used to amplify the segment of the 
promoter containing the E-box. Primer set 2 (Forward 
TCTGCACCAGAGGGGAACTGTCAAA, Reverse 
AAGCTCTTCCATTATTTCACAGCAGCTGGC) was 
used to amplify a sequence located in Exon 5 as a 
negative control.  

Neuroblastoma patient survival analysis. 
Neuroblastoma patient analyses were based on the 
published neuroblastoma patient datasets in the R2 
Genomics (R2) platform (http://r2.amc.nl). Three 
datasets were analyzed, which are the Kocak, SEQC 
(the seqcnb1 platform) and NRC datasets. For 
analyzing the survival of the whole patient 
population in each dataset, we included all the 
neuroblastoma patients who have both the tumor 
CDKN3 mRNA expression data and patient survival 
data, the two parameters required for analyzing the 
correlation of tumor CDKN3 mRNA level with 
patient survival. The patients in each dataset were 
separated into two groups based on the CDKN3 
mRNA levels in tumor specimens, the low- and 
high-CDKN3 groups, by running the R2 Scan mode 
based on the overall patient survival data. The 
Scan-mode analysis sorts the tumor CDKN3 mRNA 
levels from low to high, and then runs every possible 
low- and high-group classification (i.e., for a dataset 
that has 283 patients, the first possible two-group 
classification is that the low-CDKN3 group contains 1 
patient, and the high-CDKN3 group contains 282 
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patients, and so on) and finds the grouping that gives 
the maximum separation (i.e., lowest p value) of the 
overall survival curves between the low- and 
high-CDKN3 groups. The grouping was then applied 
to both overall survival and recurrence-free survival 
analyses, which were performed using the 
Kaplan-Meier method, and statistical significance 
between the two groups was determined by 2-tailed 
log-rank tests with p < 0.01 for both the raw and the 
Bonferroni adjusted p values considered statistically 
significant. To investigation the correlation between 
CDKN3 levels and patient overall survival in 
stratified subgroups, patients in the high and low 
CDKN3 groups are stratified by age, gender, MYCN 
amplification or tumor stage, and the correlation 
between CDKN3 levels and patient overall survival 
probability in each subgroup was analyzed using the 
Kaplan-Meier method.  

Other statistical Analysis. Gene expression 
level comparison between patient groups were 
performed using two-tailed Student’s T-test, with p < 
0.05 considered statistically significant. Gene 
expression correlation analyses were performed using 
Pearson correlation, with p < 0.05 considered 
statistically significant. To evaluate the effect of the 
siRNA library on neurite outgrowth, the p value for 
neurite length associated with each siRNA was 
determined by comparing it to the mean neurite 
length of the whole panel using multiple sample 
t-test. An increase in neurite length with p < 0.05 was 
considered statistically significant. For all other 
experiments, the statistical significance for each 
treatment was determined by two-tailed Student’s 
t-test by comparing the treatment group with the 
control group, with p < 0.05 considered statistically 
significant. 

Results 

siRNA-based HCS in neuroblastoma cells 
identifies CDKN3 as the most potent cell cycle 
regulator that controls neurite outgrowth, a 
morphological differentiation marker for 
neuroblastoma 

We conducted a HCS to examine the effect of 
depleting the expression of individual cell cycle-r 
egulating genes on neurite outgrowth in a 
neuroblastoma cell line BE(2)-C, by applying a library 
of siRNAs against 131 genes known to regulate cell 
cycle progression. As shown in Figure 1A and 1B, we 
identified eleven cell cycle regulators in which 
expression knockdown significantly induced neurite 
outgrowth by ≥ 2 fold compared to the plate average, 
among which three genes, CDKN3, cell division cycle 

6 (CDC6) and CDK4 are clearly separated from the 
rest of the genes in terms of their potency for inducing 
neurite outgrowth. The role of CDC6 and CDK4 in 
modulating neuroblastoma cell proliferation or 
differentiation has been reported previously (27, 30). 
We therefore focused on CDKN3 in this study. Images 
shown in Figure 1C clearly indicate siCDKN3 
dramatically induces neurite outgrowth compared to 
cells treated with the negative control oligo.  

To exclude the possibility that the siCDKN3- 
induced neurite outgrowth is caused by off-target 
effect of the synthetic siRNA oligo, we tested 
additional siRNA designs that target different regions 
of the CDKN3 mRNA. Figure 1D-E confirmed that all 
three siRNA designs successfully decreased CDKN3 
expression at mRNA and protein levels. Figure 1F 
shows that the tested siRNAs dramatically induced 
neurite outgrowth. Correspondingly, the cell viability 
was also reduced by siCDKN3 (Figure 1G), indicating 
cell growth arrest accompanied neurite outgrowth 
induced by siCDKN3. Altogether, these results 
indicate the neurite outgrowth induced by siCDKN3 
was not caused by off-target effect of the siRNAs.  

The differentiation-regulating functions of 
CDKN3 are further validated in BE(2)-C cells 

To further demonstrate that knocking down 
CDKN3 expression truly induces cell differentiation, 
we investigated the effect of CDKN3 knockdown on 
the expression of NSE, βIII-tubulin and GAP43 
proteins, the molecular differentiation markers that 
have been widely used to confirm neuroblastoma cell 
differentiaiton (31-35). As shown in Figure 2A, 
siCDKN3 upregulated protein levels of all the three 
differentiation markers that have been associated with 
neuroblastoma cell differentiation, NSE, βIII-tubulin 
and GAP43 proteins. We further showed that CDKN3 
knockdown decreased colony formation in BE(2)-C 
cells with decrements in both numbers and sizes of 
colonies (Figure 2B-D). To further confirm that the 
induced cell differentiation by CDKN3 knockdown is 
accompanied by reduced cell proliferation, we 
measured the protein levels of two widely used cell 
proliferation markers, PCNA and Ki67. As shown in 
Figure 2E, knocking down CDKN3 expression 
decreased protein expression of both PCNA and Ki67, 
further supporting that cell proliferation is truly 
reduced upon CDKN3 knockdown. 

Together with results shown in Figure 1, our 
findings demonstrated that knocking down CDKN3 
expression significantly induced both cell differenti-
ation and cell growth arrest in BE(2)-C cells, suggest-
ing the important role of CDKN3 in controlling 
neuroblastoma cell differentiation process.  
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Figure 1. HCS screening identifies cell cycle regulators with their knockdown inducing neurite outgrowth. (A-C), BE(2)-C were transfected with 20 nM siRNAs 
against cell cycle regulators in 96-well plate. After 96 h transfection, cell images were taken, and neurite lengths were quantified. A, Scatter plot of normalized neurite lengths, 
sorted in ascending order, associated with individual siRNA. B, Neurite lengths associated with the eleven siRNAs that were identified from HCS as significantly inducing neurite 
outgrowth by ≥ 2 folds. *, p < 0.05 compared to the plate average. C, Representative images showing the effect of siCDKN3 on neurite outgrowth. Shown are the representative 
phase-contrast images, and the same images defined for cell body areas (yellow) and neurites (pink). (D-G), BE(2)-C were transfected with 20 nM of the siCDKN3 or negative 
control oligo (Control). After 96 h transfection, the effect of siCDKN3 on CDKN3 mRNA levels (D), CDKN3 protein levels (E), neurite outgrowth (F) and cell viability (G) were 
measured. Calnexin protein levels served as a loading control for the Western blots. The values shown above the Western blot bands are the calculated relative intensities of the 
corresponding bands. *, p < 0.05 compared to the Control oligo.  

 

The differentiation-regulating functions of 
CDKN3 are observed in multiple 
neuroblastoma cell lines 

 To examine whether the differentiation- 
regulating function of CDKN3 is generic in neuro-
blastoma cells, we examined the effect of CDKN3 
knockdown on neurite outgrowth in multiple 
neuroblastoma cell lines with different genetic 
backgrounds (36). As shown in Figure 3A-D, 
siCDKN3 induces dose-dependent neurite outgrowth 
in Kelly, SKNBE(2), BE(2)-M17 and LAN6 cell lines. 
Correspondingly, siCDKN3 also led to a decrease in 
cell viability in these cell lines (Figure 3E). These 
results support the generic role of CDKN3 in 
modulating cell differentiation in neuroblastoma with 
different genetic backgrounds.  

High tumor CDKN3 mRNA levels are 
correlated with poor neuroblastoma patient 
survival 

To examine the clinical relevance of elevated 
CDKN3 expression in neuroblastoma, we investigated 
the correlation of CDKN3 mRNA levels in 
neuroblastoma tumor specimens with patient survival 
based on three public patient datasets in the R2 
Genomics platform. We first investigated whether 
CDKN3 mRNA levels are significantly correlated 
with patient survival in the whole patient population 
in each dataset. Patients in each dataset were grouped 
into low- and high-CDKN3 expression groups based 
on tumor CDKN3 mRNA levels as described in the 
Materials and Methods section. As shown in Figure 
4A-C, CDKN3 mRNA levels between the high and 
low groups are significantly different in each dataset. 
Kaplan-Meier survival analyses show that patients 
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with low tumor CDKN3 mRNA levels have both 
significantly higher overall (Figure 4-F) and 
recurrence-free (Figure 4G-H) survival probability 
overtime compared to patients with high CDKN3 
levels in all three datasets. These results are consistent 
with what we observed in vitro in cell lines, with both 
our in vitro experimental data and patient survival 
analysis supporting the potential oncogenic role of 
CDKN3 in neuroblastoma. 

Encouraged by the above finding, we further 
investigated the correlation between CDKN3 
expression and patient survival in subgroups of 
neuroblastoma patients by stratifying the patients 
based on four clinical parameters, including age, 
gender, MYCN amplification status and tumor stages. 
As shown in Table 1, the correlation between high 
CDKN3 expression levels and poor patient survival 
were consistently observed in majority of the 
subgroups in all three datasets, including all the age 
and gender groups, the MYCN-nonamplified groups 
and the stages 2 - 4 groups, although some of the 

correlations did not reach statistical significance. 
However, correlations inconsistent with the above 
were observed in the MYCN-amplified group in one 
dataset (NRC), in the stage 1 group in one dataset 
(NRC), and in the stage 4s group in two datasets 
(Kocak and SEQC), but none of the correlations in 
these subgroups reached statistical significance.  

Expression levels of CDKN3 in neuroblastoma 
cells are down-regulated by multiple 
differentiation-inducing molecules 

Many differentiation-inducing factors have been 
identified in neuroblastoma cells. However, the 
mechanisms of action of these differentiation inducers 
remain largely unknown. Encouraged by the above 
findings, we investigated the possible involvement of 
CDKN3 in the differentiation-inducing mechanisms 
of previously identified differentiation inducers, 
including all-trans retinoic acid (ATRA), miR-506-3p, 
miR-124-3p, miR-449a and miR-2110 (27, 37). In 
addition, since MYCN is a well-known oncogene that 
plays a key role in maintaining the undifferentiated 

 

 
Figure 2. Knockdown of CDKN3 in BE(2)-C cells increased protein expression of molecular differentiation markers and reduced colony formation of the 
cells. (A), Effect of siCDKN3 on protein expressions of cell differentiation markers. BE(2)-C were transfected with 20 nM of siCDKN3 or negative control oligo (Control). 
After 72 h transfection, protein lysates were collected, and the protein levels of CDKN3 and molecular differentiation markers (NSE, βIII-tubulin and GAP43) were measured by 
Western blots, with Calnexin protein serving as a loading control. The values shown above the Western blot bands are the calculated relative intensities of the corresponding 
bands. (B-D), Effect of siCDKN3 on colony formation in BE(2)-C cells. Cells were transfected with 20 nM of siCDKN3 or negative control oligo (Control) and seeded in 100 
mm dishes. Colonies were fixed and stained after 12 days, and the numbers and sizes of colonies were quantified using ImageJ. *, p < 0.05 compared to the Control. B, Effect of 
siCDKN3 on protein expressions of cell proliferation markers. BE(2)-C cells were transfected with siCDKN3 or control oligo as above. Protein levels of CDKN3, PCNA, Ki67 
and Calnexin were measured by Western blots and quantified using ImageJ as above. 
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status of neuroblastoma cells (38), we also tested the 
effect of MYCN knockdown on CDKN3 expression. 
As shown in Figure 5A-B, ATRA (5 µM) dramatically 
decreased expression of CDKN3 expression at both 
the mRNA and protein levels in BE(2)-C cells. 
Correspondingly, ATRA increased expression of 
differentiation markers βIII-tubulin and GAP43, 
confirming that cell differentiation was truly induced 
by ATRA (Figure 5B). As shown in Figure 5C-D, all 
the four miRNA mimics dramatically decreased 
CDKN3 expressions at both the mRNA and protein 
levels. Knocking down MYCN with siRNA (siMYCN) 

also dramatically decreased CDKN3 mRNA and 
protein levels (Figure 5D). Correspondingly, expres-
sion of βIII-tubulin and GAP43 was also increased by 
the miRNA mimics and siMYCN (Figure 5D). Note 
that the extent of βIII-tubulin and GAP43 upregu-
lation by siMYCN is not as high as that by 
differentiation-inducing miRNAs, which is consistent 
with what we have observed previously (39). These 
results indicate that CDKN3 expression in neuroblas-
toma cells is regulated by multiple differentiation- 
inducing mechanisms.  

 
 

 
Figure 3. Effect of knocking down CDKN3 expression in multiple neuroblastoma cell lines. (A-D), Dose-dependent effect of siCDKN3 on neurite outgrowth in 
Kelly, SK-N-BE(2), BM(2)-M17, and LAN6 cells. The indicated cell lines were transfected with a serial dilution of siCDKN3 or the negative control oligo. Neurite outgrowth was 
measured after 96 h transfection. E, Effect of siCDKN3 on cell viability in the four cell lines. Cells were transfected with 20 nM of siCDKN3 for 4 days, and cell viability was 
measured as above. *, p < 0.05 compared to the Control. 
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Table 1. Correlations between CDKN3 levels and patient survival in stratified patient groups in three patient datasets. 
Shown in the columns are the clinical parameter, subgroup, number of patients in the high and low CDKN3 groups, average CDKN3 
mRNA level in high and low CDKN3 groups, and survival probability and p value in the high and low CDKN3 groups. 

Kocak Dataset 
    

Parameter Subgroup  Number of patients (n)   Average CDKN3 mRNA level   Survival probability  
Total  High CDKN3 

Group 
Low CDKN3 
Group 

  Total  High CDKN3 
group 

Low CDKN3 
group 

  High CDKN3 
group 

Low CDKN3 
group 

Raw p 
value 

Bonf p 
value 

All N/A 463 159 304 
 

2613.16 4884.07 1425.41 
 

0.44 0.91 1.55E-25 7.16E-23 
                            
Age < 18 mos 302 73 229   2216.59 4595.04 1458.40   0.67 0.98 1.71E-14 5.04E-12 

> 18 mos 161 86 75   3357.02 5129.42 1324.68   0.23 0.78 3.35E-08 5.09E-06 
                            
Sex Male 257 88 169   2670.90 4987.40 1464.68   0.44 0.85 1.43E-09 3.56E-07 

Female 191 68 123   2604.83 4786.84 1398.52   0.32 0.96 2.50E-20 4.54E-18 
                            
MYCN  Amp 65 55 10   4726.23 5212.31 2052.79   0.25 0.28 0.218 1 

Non-amp 393 102 291   2263.83 4716.80 1404.03   0.53 0.94 4.38E-18 1.71E-15 
                            
Tumor Stage 1 113 11 102   1553.19 4282.31 1258.87   0.71 1 6.29E-08 6.48E-06 

2 77 12 65   1771.91 3691.98 1417.44   0.55 0.98 3.31E-04 0.021 
3 71 21 50   2666.54 5176.17 1612.50   0.28 0.92 1.23E-08 6.90E-07 
4 142 95 47   3896.80 5039.47 1587.15   0.33 0.78 7.60E-05 0.01 
4s 60 20 40   2587.89 4885.46 1439.10   0.98 0.84 0.045 1 

SEQC dataset     
Parameter Subgroup  Number of patients (n)  Average CDKN3 mRNA level   Survival probability  

Total  High CDKN3 
group 

Low CDKN3 
group 

 Total  High CDKN3 
group 

Low CDKN3 
group 

 High CDKN3 
group 

Low CDKN3 
group 

Raw p 
value 

Bonf p 
value 

All N/A 483 146 337  5.91 10.75 3.82  0.35 0.91 1.58E-34 7.64E-32 
                          
Age < 18 mos 298 55 243  4.95 10.06 3.79  0.71 0.97 5.98E-14 1.73E-11 

> 18 mos 185 91 94  7.47 11.16 3.89  0.23 0.93 3.77E-11 6.72E-09 
                          
Sex Male 277 84 193  6.00 10.75 3.93  0.45 0.92 2.32E-18 6.32E-16 

Female 206 62 144  5.80 10.74 3.68  0.15 0.89 8.23E-21 1.61E-18 
                          
MyCN  Amp 91 69 22  9.49 10.85 5.22  0.29 0.39 0.125 1 

Non-amp 387 76 311  5.08 10.64 3.72  0.4 0.94 4.79E-26 1.85E-24 
                          
Tumor stage 1 117 7 110  3.61 8.35 3.30  0.88 1 1.83E-04 0.019 

2 77 7 70  4.17 8.85 3.70  0.72 0.98 1.50E-03 0.094 
3 63 17 46  5.77 11.05 3.82  0 0.85 1.86E-15 8.92E-14 
4 174 106 68  8.54 11.00 4.71  0.22 0.73 7.16E-07 1.20E-04 
4s 52 9 43  5.06 10.49 3.93  1 0.86 0.15 1 

NRC dataset     
Parameter Subgroup  Number of patients (n)  Average CDKN3 mRNA level   Survival probability  

Total  High CDKN3 
group 

Low CDKN3 
group 

 Total  High CDKN3 
group 

Low CDKN3 
group 

  High CDKN3 
group 

Low CDKN3 
group 

Raw p 
value 

Bonf p 
value 

All N/A 261 76 185  96.83 167.88 67.65   0.35 0.79 3.71E-10 9.68E-08 
                           
Age < 18 mos 136 27 109  83.95 158.48 65.49   0.54 0.94 5.66E-07 7.31E-05 

> 18 mos 125 49 76  110.85 173.06 70.74   0.18 0.78 3.34E-05 3.91E-03 
                           
Sex* Male N/A N/A N/A  N/A N/A N/A   N/A N/A N/A N/A 

Female N/A N/A N/A  N/A N/A N/A   N/A N/A N/A N/A 
                           
MYCN  Amp 53 29 24  135.10 174.41 87.59   0.24 0.2 0.078 1 

Non-amp 205 46 159  87.04 164.18 64.72   0.37 0.87 3.86E-08 7.84E-06 
                           
Tumor stage 1 45 4 41  68.67 141.98 61.52   1 1 1 1 

2 33 6 27  79.26 143.47 65.00   0.83 0.96 0.307 1 
3 41 14 27  109.13 192.71 65.79   0.55 0.87 0.071 1 
4 117 48 69  112.58 166.11 75.33   0.1 0.49 2.85E-04 0.031 
4s 24 4 20  78.47 164.68 61.23   0.86 1 0.119 1 

*, Sex is not identified in the NRC dataset. 

 
Transcription of CDKN3 in neuroblastoma 
cells is directly regulated by MYCN 

MYCN is a key oncogenic transcription factor 
that is known to regulate expression of a diverse array 
of genes involved in tumorigenesis (40). Since the 
expression of CDKN3 is down-regulated by knock-

down of MYCN expression as shown above (Figure 
4C-D), we investigated whether N-Myc protein 
directly regulates CDKN3 expression at the transcrip-
tional level. As shown in Figure 6A, we found a 
putative N-Myc-binding E-box in the CDKN3 
promoter region. We cloned a sequence of 453 base 
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pairs (bp) in the promoter region containing the 
putative E-box into the upstream of the luciferase 
gene in the pGL3B luciferase reporter vector to 
construct a wild-type reporter PWT-Luc (Figure 6A). A 
mutant reporter (PMU-Luc) was generated by 
mutating the sequence within the E-box (Figure 6A). 
A reporter with no insertion was used as a negative 
control (Pctrl-Luc). Each reporter vector was 
transfected into HEK 293T cells together with a 
MYCN over-expression vector (MYCN (+)) or a 
control expression vector with no MYCN DNA insert 
(MYCN (-)). As shown in Figure 6B, MYCN 
overexpression significantly increased luciferase 
activity in PWT-Luc transfected cells, but not in 
PMU-Luc cells, compared to their corresponding 
negative controls. In addition, MYCN did not affect 
luciferase activity in cells transfected with the 
negative control reporter Pctrl-Luc. To further examine 
whether N-Myc protein directly binds to the E-box, 
we performed CHIP-PCR in BE(2)-C cells. Figure 6A 
illustrates the positions of the DNA sequences to be 
amplified by each PCR primer set, with primer 1 used 
to amplify the sequence containing the predicted 

N-Myc-binding E-box and primer 2 used to amplify a 
sequence located in Exon 5 as a negative control. As 
shown in Figure 6C, primer 1, but not primer 2, 
successfully amplified its targeted sequence, 
indicating anti-N-Myc antibody (α-N-Myc) success-
fully pulled down the predicted N-Myc-binding 
sequence but not the control sequence. In addition, 
non-specific IgG did not pull down any of the above 
sequences, excluding the possibility of non-specific 
pulldown of protein-DNA complexes by IgG. 
Together, these results demonstrate that N-Myc 
activates CDKN3 transcription through directly 
binding to the identified N-Myc-binding E-box in the 
promoter region of CDKN3 gene.  

We further examined the effect of N-Myc on 
CDKN3 mRNA levels in additional neuroblastoma 
cell lines. As shown in Figure 6D, knockdown of 
MYCN expression resulted in a significant decrease of 
CDKN3 mRNA levels in two MYCN-amplified cell 
lines Kelly (with highly expressed MYCN mRNA 
level) and SK-N-FI (with moderately expressed 
MYCN mRNA level). In contrast, over-expression of 
MYCN increased CDKN3 mRNA levels in SK-N-FI 

 

 
Figure 4. Correlation of tumor CDKN3 mRNA levels with survival of neuroblastoma patients. (A-C), Patients in the indicated three public neuroblastoma 
datasets, Kocak (A), SEQC (B), and NRC dataset (C) were grouped into low and high groups based on the tumor mRNA levels of CDKN3. (D-F), Kaplan-Meier overall survival 
curves generated from the Kocak (D), SEQC (E), and NRC (F) datasets, respectively. (G-I), Kaplan-Meier recurrence-free survival curves generated from the Kocak (H), SEQC 
(H), and NRC (I) datasets, respectively. 
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and SK-N-SH (MYCN-non-amplified) cells (Figure 
6E). These results further support that the 
transcriptional regulation of the CDKN3 gene by 
N-Myc is a generic mechanism in neuroblastoma cells 
with different genetic backgrounds.  

Expression levels of CDKN3 positively 
correlate with MYCN expression in 
neuroblastoma tumor specimens 

To examine the clinical relevance regarding the 
transcriptional regulation of CDKN3 expression by 
N-Myc, we analyzed the above three patient datasets 
for the correlation between MYCN and CDKN3 
mRNA levels. As shown in Figure 7A-C, the CDKN3 
mRNA levels in the MYCN-amplified tumors are 
significantly higher than those in MYCN-nonampli-
fied tumors in all the three datasets. In addition, the 
expression of CDKN3 mRNA levels is significantly 
positively correlated with MYCN mRNA levels in all 
three datasets (Figure 7D-F).  

Coupled with our findings that CDKN3 
knockdown induced cell differentiation and cell 
growth arrest as shown above, these results altogether 
suggest that CDKN3 represents one of the molecular 
pathways that mediate the oncogenic function of 
MYCN.  

CDKN3, CDC6 and CDK4 reciprocally 
modulate expression of each other 

As shown in Figure 1A-B, our HCS identified 
two additional cell cycle regulators that have strong 
differentiation-regulating functions, CDC6 and 
CDK4. We intended to understand the relationship of 
these three differentiation-regulating cell cycle 
proteins in neuroblastoma cells. We investigated 
whether they reciprocally regulate expression of each 
other. As shown in Figure 8A, knockdown of CDKN3, 
CDC6 and CDK4 individually decreased expression 
of each other. These results reveal an interesting 
regulatory network formed by the three cell cycle 
regulators (Figure 9). To examine the clinical 
relevance of this reciprocal regulatory network in 
neuroblastoma patients, we examined the correlations 
between the CDKN3, CDK4 and CDC6 mRNA levels 
in the above three patient datasets. As shown in 
Figure 8B-G, CDKN3 mRNA levels are significantly 
positively correlated with expression levels of both 
CDC6 (Figure 8B-D) and CDK4 (Figure 8E-G) in all 
the three datasets. Likewise, CDC6 and CDK4 mRNA 
levels are also significantly correlated (Figure 8H-J). 
Altogether, these results support the clinical 
significance of the interaction network formed by 
CDKN3, CDC6 and CDK4 in neuroblastoma.  

 

 
Figure 5. Regulation of CDKN3 expression by differentiation-inducing molecules. (A-B), Effect of ATRA treatment on expression of CDKN3 mRNA and protein 
levels. BE(2)-C cells were treated with ATRA (5 µM) for five days. RNA and protein lysates were collected and CDKN3 mRNA levels (A) were measured by qRT-PCR and 
protein levels (B) were measured by Western blots. (C-D), Effect of miRNA overexpression and MYCN knockdown on CDKN3 expression. BE(2) cells were treated with 20 
nM of miR-124-3p, miR-506-3p, miR-449a, miR-2110, siMYCN for 4 days. CDKN3 mRNA (C) and protein (D) expression were measured as above.  
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Figure 6. MYCN regulates CDKN3 expression by directly binding to the E-box of the CDKN3 promoter. (A), Schematic diagram showing the putative N-Myc 
binding E-box in the CDKN3 gene promoter, the amplified region for constructing the luciferase reporters, and the sites where the primer sets were designed for amplifying the 
DNA segment containing the E-BOX (primer 1) and for amplifying a DNA segment located within Exon 5 as a negative control of the CHIP-PCR assay (primer 2). Two luciferase 
reporters, PWT-Luc (containing the WT E-box sequence, CAACTG) and PMU-Luc (containing the WT E-box sequence, ACATCT) were generated. (B), Validation of the N-Myc 
binding site by luciferase assay in HEK-293T cells. A MYCN over-expression vector, MYCN (+) or a control expression vector, MYCN (-), was co-transfected with the indicated 
luciferase reporter or a Control reporter into cells at a concentration of 0.8 ng/μl for each vector. After 2 days, the luciferase activity was measured. *, p < 0.05 compared to the 
control vector MYCN (-). (C), Validation of the N-Myc binding E-box site by CHIP-PCR assay. The CHIP-PCR was performed using the indicated primers sets as illustrated in 
(A). IP: immunoprecipitation. (D), Effect of MYCN knockdown on CDKN3 mRNA expression in cell lines Kelly and SK-N-FI. Cells were transfected with 20 nM of siMYCN or 
negative control oligo. After 72 h, CDKN3 mRNA levels were measured as above. (E), Effect of MYCN overexpression on CDKN3 mRNA expression in cell lines Kelly and 
SK-N-FI. Cells were transfected with MYCN (+) vector or the MYCN (-) vector at a concentration of 0.8 ng/μl for each vector. After 72 h, CDKN3 mRNA levels were measured 
as above. *, p < 0.05 compared to the Control. 

 

Discussion 
Through a HCS screening, we identified CDKN3 

as a strong regulator of neuroblastoma cell differen-
tiation. In addition, we preliminarily characterized the 
interaction of CDKN3 with several key 
differentiation-regulating molecules (Figure 9). The 
results suggest that CDKN3 plays an important role in 
the cell signaling pathways that determine neuroblas-
toma cell fate, with depletion of CDKN3 expression 
promoting cell differentiation. The novelty of our 
study lies in three aspects: 1) We are the first to 

characterize the function of CDKN3 in modulating 
neuroblastoma cell differentiation. Previous studies 
have characterized the function of CDKN3 in 
modulating cell survival and proliferation in multiple 
cancer types (41). However, no published study has 
been conducted to systematically characterize the role 
of CDKN3 in regulating cell differentiation in 
neuroblastoma. 2) We utilized a novel functional 
high-content screening approach to identify the 
differentiation-modulating function of CDKN3 in 
neuroblastoma cells, which is different from the 
approaches used in all previous CDKN3 studies. One 
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advantage of our functional screening approach is 
that it allows a direct and systematic comparison of all 
the screened cell cycle regulators. Our results show 
that knocking down CDKN3 expression has the 
strongest differentiation-inducing effect among the 
tested cell cycle regulators. 3) We for the first time 

characterized CDKN3 gene as a transcriptional 
regulatory target of N-Myc, and we demonstrated 
that N-Myc promotes CDKN3 transcription through a 
N-Myc binding site located upstream of the CDKN3 
protein coding region. 

 

 
Figure 7. The correlation of CDKN3 and MYCN expression in neuroblastoma tumor specimens. (A-C), Comparison of CDKN3 mRNA levels between MYCN 
amplified and non-amplified neuroblastoma tumors from the indicated three patient datasets. (D-F), The correlation of tumor CDKN3 and MYCN mRNA expression levels in 
the indicated three patient datasets. 

 
Figure 8. The reciprocal regulations of expression between CDKN3, and CDC6 and CDK4 in neuroblastoma cell lines, and the correlations of their 
mRNA levels with each other in neuroblastoma tumor specimens. (A), Effect of knocking down expression of CDKN3, CDK4 and CDC6 on the protein levels of 
CDKN3, CDK4 and CDC6, respectively. Cells were transfected with 20 nM of the indicated oligos. After 72 h, protein levels of CDKN3, CDK4 and CDC6 were detected by 
Western blots. (B-D), Correlation of CDKN3 mRNA levels with CDC6 mRNA levels in the three public patient datasets. (E-G), Correlation of CDKN3 mRNA levels with 
CDK4 mRNA levels in the indicated datasets. (H-J), Correlation of CDK4 mRNA levels with CDC6 mRNA levels in the indicated patient datasets. CDK4*, the gene symbol in 
the NRC dataset is CDK4, TSPAN31. 
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Figure 9. Schematic diagram showing the interplay of CDKN3 with other differentiation-regulating molecules. The diagram summarizes our findings regarding 
the interaction of CDKN3 with other differentiation-regulating molecules: (1) the differentiation-inducing molecules ATRA, miR-506-3p, miR-124-3p, miR-449a and miR-2110 
function as repressor of CDKN expression, (2) N-Myc transcriptionally activates CDKN3 gene expression, and (3) CDKN3, CDC6 and CDK4 form a positive regulatory loop 
to up-regulate expression of each other. 

 
Cyclin dependent kinase inhibitors (CDKNs, 

CDKIs) are a group of proteins that play important 
roles in modulating CDK activities by dephospho-
rylating CDKs (42). In addition to regulating cell cycle 
progression (42), CDKNs have been found to regulate 
other important cellular processes, such as apoptosis, 
cell fate determination and cell migration (43). 
Multiple CDKNs have been demonstrated to play 
important roles in tumorigenesis. For example, 
CDKN1B, also called p27 or p27/KiP1, was found to 
promote the function of the tumor suppressor 
Phosphatase and Tensin Homolog (PTEN) by 
stabilizing PTEN in the cytoplasm, functioning as a 
tumor suppressor (44). Although the molecular 
mechanisms by most of the CDKNs regulating the 
tumorigenesis process are far from fully elucidated, 
findings from published studies have clearly 
supported that different CDKNs have distinct roles in 
the tumorigenesis processes due to the unique 
interactive network of each CDKN formed with CDKs 
or other protein partners. Some CDKNs have been 
investigated in neuroblastoma cells. For example, 
overexpression of CDKN1B in mouse neuroblastoma 
cells was found to induce cell differentiation (45). 
However, the role of CDKN3 in modulating 
neuroblastoma cell differentiation has not been 
investigated previously. CDKN3 is a relatively unique 
member of the CDKN family because overexpression 
of CDKN3 has been proven to be oncogenic in 
multiple cancer types (41), unlike the tumor 
suppressive CDKNs, such as CDKN1A and CDKN1B. 
For example, in a study conducted in ovarian cancer, 
CDKN3 protein was found to be overexpressed by 
3.35-fold in epithelial ovarian cancer specimens 

compared to healthy ovarian epithelium, and this 
overexpression was correlated with lower patient 
survival (46). The authors further showed that 
inhibition of CDKN3 expression in an ovarian cancer 
cell line OVCAR3 inhibited cell growth and 
proliferation (46). In a study conducted in gastric 
cancer, 35 of the 90 patients had significantly elevated 
expression of CDKN3 compared to normal adjacent 
tissues (47). Longitudinal study of the 90 patients over 
a period of 5 years showed a higher survival rate in 
patients who had lower CDKN3 mRNA expression 
(47). The authors further showed that knockdown of 
CDKN3 expression resulted in reduced cancer 
metastasis and adhesion (47). In a more recent study, 
CDKN3 was found to be significantly upregulated in 
the GC group than in the control group, consistent 
with the above findings (48). The oncogenic function 
of CDKN3 was also reported in esophageal squamous 
cell carcinoma (ESCC) tissues (49). This study showed 
that the expression of CDKN3 was significantly 
upregulated in ESCC tissues compared to normal 
tissues (49). Their functional assays further revealed 
that CDKN3 knockdown decreased the ability of 
ESCC cells to proliferate, invade and migrate (49). 
CDKN3 has also been investigated in cancers of 
neuronal origin. For example, in a study conducted in 
Glioblastoma multiforme (GBM), it was shown that 
CDKN3 protein was downregulated in GBM 
compared to normal tissue and CDKN3 played a role 
in controlling mitosis (50). A study conducted in 
neuroblastoma showed that the promoter of the 
CDKN3 gene was hypomethylated in neuroblastoma 
cells and this change was associated with increased 
expression of CDKN3 (51). However, the role of 
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CDKN3 in regulating neuroblastoma cell 
differentiation has not been reported previously. Our 
results presented in this study for the first time 
demonstrate that CDKN3 plays an important role in 
regulating neuroblastoma cell differentiation. 

The mechanisms of regulating CDKN3 expres-
sion have been investigated in previous studies. A 
study showed that miR-181d-5p directly repressed 
CDKN3 protein expression by binding to a target site 
in the 3’UTR of CDKN3 mRNA in non-small cell lung 
cancer (52), and this regulation was later confirmed by 
another research group (53). Another study showed 
that a transcriptional regulator Yin Yang-1 (YY1) 
downregulated the expression of CDKN3 by directly 
binding to the promoter region of CDKN3 in 
pancreatic cancer cells (54). In our current study, we 
discovered that several differentiation-inducing 
molecules, including four differentiation-inducing 
miRNAs (miR-506-3p, miE-124-3p, miR-449a and 
miR-2110) and retinoic acid inhibited CDNK3 
expression in neuroblastoma cells. However, infor-
matics analysis showed that the 3’UTR of CDKN3 
mRNA does not have target sites of the four miRNAs. 
Also, we did not identify any binding sites for retinoic 
acid receptor (RAR) and retinoid X receptor (RXR), 
which are transcription factors that bind and are 
activated by retinoic acids, in the promoter region of 
CDKN3 genes. These findings indicate that these 
miRNAs and retinoic acids regulate CDKN3 
expression through indirect signaling pathways. 
These pathways certainly need to be elucidated in 
future studies.  

Another finding in our study is that MYCN 
directly regulates CDKN3 expression at the 
transcription level. More importantly, we found that 
MYCN mRNA levels in neuroblastoma tumor 
specimens are positively and significantly correlated 
with CDKN3 mRNA levels in all the three 
independent patient datasets. In addition, we found 
that CDKN3 mRNA levels are significantly higher in 
MYCN-amplified tumors than in MYCN non-ampli-
fied tumors in all three patient datasets. These results 
strongly support that N-Myc plays a key role in 
controlling CDKN3 expression. Together with the 
oncogenic function of CDKN3 that we observed as 
above, these results suggest that CDKN3 may repre-
sent one of the key signaling pathways underlying the 
congenic function of N-Myc in neuroblastoma. 

Another interesting finding in our study is that 
the top three differentiation-regulating cell cycle 
regulators identified in our HCS, CDKN3, CDC6 and 
CDK4, form a reciprocal interaction network to 
promote expression of each other. More importantly, 
we found that the expression levels of these three 
genes are significantly correlated with each other in 

neuroblastoma patients. These findings suggest the 
importance of this inter-regulative network in 
controlling neuroblastoma cell differentiation. 
However, there are many questions that need to be 
answered regarding this interaction network. For 
example, would overexpression of one of the proteins 
diminish or abolish the differentiation-inducing 
activity of knocking down one of the other two? Are 
there physical interactions between these three 
proteins in their cell differentiation-regulating 
mechanisms? We expect that these questions will be 
answered in future studies.  

To preliminarily evaluate the potential clinical 
relevance of our laboratory findings in neuroblastoma 
patients, we investigated the correlation of 
neuroblastoma tumor CDKN3 mRNA expression 
with patient survival. We observed a correlation 
between high CDKN3 mRNA levels and poor patient 
survival in three independent patient populations. 
After stratifying the patients by age, gender, MYCN 
amplification status and tumor stage, the correlations 
between high CDKN3 expression and poor patient 
survival were consistently observed in most of the 
stratified subgroups, although some of the 
correlations did not reach statistical significance; the 
statistical insignificance in some subgroups is most 
likely due to the decreased sample sizes when the 
patients are divided into subgroups. However, 
inconsistency was observed in the MYCN-amplified 
group, the stage 1 group and the stage 4s group. 
Specifically, in the MYCN-amplified group of the 
NRC dataset, the high CDKN3 patients exhibited a 
slightly higher survival probability than the low 
CDKN3 group (0.24 vs 0.2), but the p values did not 
reach statistical significance. Given the inconsistency 
observed in the MYCN-amplified group in the three 
datasets, the relationship between CDKN3 expression 
and patient survival in MYCN-amplified patients 
cannot be concluded based on our current study. 
Since MYCN-amplification is such a strong driving 
force of poor prognosis, the effect of any additional 
oncogenic factor can only be observed when the 
sample size is large enough. Therefore, the 
contribution of CDKN3 overexpression to prognosis 
in MYCN-amplified patients should be further 
evaluated in much larger patient populations in the 
future. Another inconsistency was observed in stage 1 
patients, with both the low and high CDKN3 groups 
having a survival probability of 1 in the NRC dataset. 
This is not surprising given the well-known good 
prognosis of stage 1 patients and the small samples 
size of stage 1 patients in the NRC dataset. Given the 
statistical significance observed in the other two 
datasets for stage 1 patients, our results support the 
correlation of high CDKN3 level with low patient 
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survival in stage 1 patients, although this will need to 
be further validated in future studies in additional 
neuroblastoma patients. Inconsistency was also 
observed in stage 4s patients, with none of the 
correlations in the three datasets reaching statistical 
significance. Stage 4s neuroblastoma was defined as a 
‘special’ stage of disseminated neuroblastoma that has 
a good prognosis (55, 56). Given the narrow 
differences of survival probabilities among the Stage 
4s subgroups shown in all the three datasets (0.84 – 1), 
we speculate that statically distinguishing the 
survival probabilities between high and low CDKN3 
groups in Stage 4s patients would require much larger 
sample sizes. In conclusion, by stratifying the patients 
based on age, gender, MYCN amplification status and 
tumor stage, results from the three datasets clearly 
supported the correlation of high CDKN3 level with 
poor patient survival probability in all age and gender 
groups, in MYCN-nonamplified group and in stages 2 
- 4 groups. The correlations between CDKN3 
expression and survival in the MYCN-amplified, 
stage 1 and stage 4s patients, however, need to be 
further investigated in patient datasets with larger 
sample sizes in the future. In addition, our current 
clinical investigations were retrospective studies 
based on pre-existing publicly available datasets. To 
fully characterize the clinical significance of CDKN3 
in predicting patient prognosis, future prospective 
studies based on newly recruited neuroblastoma 
patients are needed.  

5. Conclusions 
We identified CDKN3 as potent modulator of 

neuroblastoma cell differentiation. In addition, we 
found that the expression of CDKN3 is regulated by 
multiple key differentiation-regulating molecules, 
including four differentiation-inducing miRNAs, 
retinoic acid and N-Myc, suggesting that CDKN3 may 
represents a key signaling pathway underlying the 
differentiation-regulating function of these molecules. 
Furthermore, we found that CDKN3 modulates 
expression of the other two differentiation-regulating 
cell cycle regulatory proteins, CDC6 and CDK4. These 
results altogether suggest that multiple 
differentiation-regulating pathways converge at 
CDKN3 and targeting CDKN3 expression may be an 
effective approach for neuroblastoma differentiation 
therapy. Many questions regarding the mechanisms 
underlying this regulatory network need to be 
answered in future studies, which are imperative for 
eventually translating the knowledge on this 
interaction network into neuroblastoma treatment. 
Since the main goal of the current study is to 
experimentally characterize the function of CDKN3 in 
cultured neuroblastoma cells, we only preliminarily 

investigated the potential clinical relevance of our 
laboratory findings. Our investigation based on 
public neuroblastoma datasets preliminarily supports 
the correlation of high tumor CDKN3 mRNA levels 
with poor patient survival in most of the patient 
subgroups. Future prospective studies with larger 
sample sizes are certainly needed to further validate 
the clinical significance of CDKN3 overexpression in 
neuroblastoma. 
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