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Abstract: Neuroblastoma is one of the common solid tumors of childhood. Nearly half of neuroblastoma patients 
are classified into the high-risk group, and their 5-year event-free survival (EFS) rates remain unsatisfactory in the 
range of 30-40%. High-risk neuroblastoma is characterized by amplification of the MYCN gene and excessive ex-
pression of its protein product, N-Myc. Because N-Myc is a transcription factor for various pro-proliferative proteins, 
the excessive expression causes aberrant or blocked neuronal differentiation during development of sympathetic 
nervous system, which is a central aspect of neuroblastoma genesis. The current main treatment for high-risk neu-
roblastoma is intensive chemotherapy using anti-cancer drugs that induce apoptosis in tumor cells, but intensive 
chemotherapy has another serious risk of long-lasting side effects, so-called “late effects”, that occur many years 
after chemotherapy has ended. As a solution for such situation, differentiation therapy has been expected as a mild 
chemotherapy with a low risk of late effects, and an application of retinoic acid (RA) and its derivatives as treatment 
for high-risk neuroblastoma has long been attempted. However, the clinical outcome has not been sufficient with the 
use of retinoids, including all-trans retinoic acid (ATRA), mainly because of the inhibition of differentiation caused by 
N-Myc. In the present study, we succeeded in synergistically accelerating the ATRA-induced neuronal differentiation 
of MYCN-amplified neuroblastoma cells by combining a peptide derived from tenascin-C, termed TNIIIA2, which has 
a potent ability to activate β1-integrins. Accelerated differentiation was caused by a decrease in N-Myc protein level 
in neuroblastoma cells after the combined treatment of TNIIIA2 with ATRA. That is, combination treatment using 
ATRA with TNIIIA2 induced proteasomal degradation in the N-Myc oncoprotein of neuroblastoma cells with MYCN 
gene amplification, and this caused acceleration of neuronal differentiation and attenuation of malignant proper-
ties. Furthermore, an in vivo experiment using a xenograft mouse model showed a therapeutic potential of the 
combination administration of ATRA and TNIIIA2 for high-risk neuroblastoma. These results provide a new insight 
into differentiation therapy for high-risk neuroblastoma based on N-Myc protein degradation.
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Introduction

Neuroblastoma is one of the most common 
solid tumors in childhood and appears mainly 
in the sympathetic nervous system [1]. Appro- 
ximately 40% of patients are classified into the 
high-risk group, in which the 5-year EFS rate is 

below 50% [2]. Most high-risk patients charac-
teristically have tumors with extra copies of the 
MYCN gene encoding the N-Myc oncoprotein 
[2]. The MYCN gene amplification is closely cor-
related with poor prognosis and the 5-year EFS 
rates of patients with this gene amplification 
remain below 30% [2]. Because N-Myc is a tran-
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scription factor for various proteins associated 
with cell cycle progression, the excessive 
expression of N-Myc causes aberrant or 
blocked sympathetic neuronal differentiation 
during development, which is a central aspect 
of neuroblastoma genesis [3]. Thus, excessive-
ly expressed N-Myc has been considered the 
most important target for the treatment of 
high-risk neuroblastoma [4]. However, there is 
no effective therapeutic agent targeting N-Myc 
due to its lack of a specific catalytic site, which 
could be targeted by small molecule inhibitors 
[5]. 

The current main treatment for high-risk neuro-
blastoma patients is intensive chemotherapy 
using anti-cancer drugs that induce apoptosis 
in tumor cells [6], but the survival rates have 
remained unsatisfied during the past 30 years 
[7]. Additionally, intensive chemotherapy in 
pediatric cancer patients has another serious 
risk of long-lasting side effects, so-called “late 
effects”, that occur many years after chemo-
therapy has ended [8]. Therefore, there is  
an urgent need for alternative therapeutic 
approaches without the risk of the late effects. 
Differentiation therapy using RA has been 
investigated as a mild chemotherapy, which 
does not depend on killing cancer cells [9]. In 
fact, ATRA has been used for the treatment  
of acute promyelocytic leukemia (APL) [10]. 
However, differentiation therapy using RA is 
extremely limited and has never provided suffi-
cient therapeutic effects on the other malig-
nancies, including solid cancers [11]. Among 
various RA derivatives, 13-cis RA is currently 
served as a maintenance treatment after 
remission of high-risk neuroblastoma, but the 
clinical benefit in 5-year overall survival rate is 
not proven [12-14]. Further improvement of dif-
ferentiation therapy is required to improve the 
current outcome for high-risk neuroblastoma 
patients. 

Cell adhesion to the extracellular matrix (ECM) 
via integrins plays a key role in cell regulation 
such as survival, proliferation and even differ-
entiation [15, 16]. We previously found that  
a 22-mer peptide derived from tenascin-C, 
TNIIIA2, has potent and sustained ability to pro-
mote cell adhesion to the ECM by activating 
β1-integrins [17]. Our previous studies indicat-
ed that a variety of cellular processes can be 
regulated through β1-integrin activation by pep-
tide TNIIIA2 [18-20]. Notably, the present study 

demonstrated that combination treatment of 
ATRA with TNIIIA2 induced proteasomal degra-
dation of N-Myc in neuroblastoma cells with 
MYCN amplification. This N-Myc protein degra-
dation was accompanied by a remarkable 
induction of neuronal differentiation in neuro-
blastoma cells, resulting in a marked decrease 
in malignant properties, such as anchorage-
independent proliferation and tumorigenicity. 
Moreover, an in vivo experiment using a neuro-
blastoma xenograft mouse model showed that 
combination treatment of ATRA with TNIIIA2 
successfully prevented tumor growth and was 
accompanied by a clear decrease in N-Myc pro-
tein level in the tumors. These results provide 
an important basis to develop a strategy for 
high-risk neuroblastoma treatment based on 
differentiation therapy. 

Materials and methods

Cells

The human neuroblastoma cell line IMR-32 was 
obtained from Riken Cell Bank. MEM (Gibco) 
with 10% FBS, 2.2 g/L NaHCO3, 2 mM 
L-glutamine, and penicillin-streptomycin solu-
tion (FUJIFILM Wako) was used for IMR-32 cell 
culture. The human neuroblastoma cell line 
Kelly was obtained from ATCC. RPMI1640 
medium (Nissui) supplemented with 10% FBS, 
2.2 g/L NaHCO3, 2 mM L-glutamine, and peni-
cillin-streptomycin solution was used for Kelly 
cell culture. Cells were incubated in a 5% CO2 
incubator at 37°C.

Reagents

The synthetic TNIIIA2 peptide (RSTDLPGLKAA- 
THYTITIRGVTC) was purchased from Eurofins 
genomics (Whitefield, India). ATRA was pur-
chased from FUJIFILM Wako (Osaka, Japan). 
CS-1 peptide (LHPGEILDVPST) was obtained 
from Eurofins genomics. GRGDSP peptide was 
purchased from Calbiochem. MG-132 (Carbo- 
benzoxy-L-leucyl-L-leucyl-L-leucinal) was obta- 
ined from Merck Millipore Ltd. (Tokyo, Japan). 
Anti-β1-integrin-activating monoclonal antibody 
(mAb), HUTS-4, was purchased from Millipore.

Cell adhesion assay

IMR-32 cells were harvested and suspended  
(1 × 104 cells/well) in serum-free medium with 
TNIIIA2 (1.5, 3, 50 µg/mL). They were incubat-
ed in a 96-well plate coated with fibronectin (2 



New strategy for differentiation therapy based on N-Myc degradation

436 Am J Cancer Res 2019;9(2):434-448

µg/mL) in a 5% CO2 incubator at 37°C for 45 
minutes. Adhered cells were fixed with 4% for-
malin and 5% glycerol. Fixed cells were stained 
with crystal violet and the number of spread 
and attached cells in 4 fields of each well were 
counted.

Flow cytometric analysis

Active-β1-integrins on the cells were evaluated 
by flow cytometric analysis using anti-β1-
integrin antibody (Clone: AG89) conjugated with 
phycoerythrin (Medical & Biological Laborato- 
ries Co., Ltd.), which recognizes the active con-
formation-specific epitope of β1-integrin, and 
BD FACS Aria (BD Bioscience) as previously 
described [17].

Differentiation and measurement of axon-like 
neurites

IMR-32 cells were incubated with MEM includ-
ing 1% FBS, ITS Mix (5 µg/mL insulin, 5 µg/mL 

transferrin and 5 ng/mL selenium) and reagents 
or inhibitors. After incubation, photographs 
were taken using microscope and Motic Image 
Plus 2.2S or 2.3S (Shimadzu), the number of 
differentiated cells was counted, and the length 
of axon-like neurites was measured using cur-
vimeter. Cells were fixed and stained using Diff-
Quick stain kit as needed (Sysmex).

Semi quantitative RT-PCR

RNA was extracted and purified by RNeasy Plus 
Mini Kit (QIAGEN) or Mammalian RNA purified 
Kit (Sigma). The isolated RNA was then tran-
scribed into cDNA using QuantiTect® Reverse 
Transcription Kit (QIAGEN) according to the 
manufacturer’s instructions. Samples were run 
for RT-PCR on TaKaRa Thermal Cycler Dice mini 
(Takara Bio Inc.). Following primers were used: 
Actin forward; 5’-TGAAGTACCCCATTGAACACG- 
3’, Actin reverse; 5’-GTGCTAGGAGCCAGGGCA- 
GT-3’, MYCN forward; 5’-GACCACAAGGCCCTCA- 
GTAC-3’, MYCN reverse; 5’-GTGGATGGGAAGGC- 

Figure 1. Promotion of IMR-32 cell adhesion to 
the fibronectin substrate through activation of 
β1-integrin. (A) IMR-32 cells were suspended in 
serum-free medium with TNIIIA2 (1.5, 3, 50 µg/
mL) and then incubated in a 96-well plate coated 
with fibronectin (2 µg/mL). Adhered cells were 
stained with crystal violet and counted (■: % of 
cells spread, □: % of cells attached). Data are 
shown as the means ± SD (n=3). Statistical analy-
sis was performed by ANOVA and post hoc test for 
the total percentages of spread and adhered cells. 
**P<0.01. (B) IMR-32 cells suspended in serum-
free medium (5 × 105 cells/mL) were incubated 
with vehicle (a and b), MnCI2 (1 mM) (c) or TNIIIA2 
(3 µg/mL) (d) for 45 minutes. Each suspension 
was further incubated with phycoerythrin-conju-
gated AG89, active-β1-integrin-recognizing mAb, 
for 1 hour (b-d). Active β1-integrins were detected 
by flow cytometry.
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ATCGTT-3’, GAPDH forward; 5’-CCCATGTTCGTC- 
ATGGGTGT-3’, GAPDH reverse; 5’-TGGTCATGA- 
GTCCTTCCACGATA-3’, GAP43 forward; 5’-GGA- 
GAAGGCACCACTACTGC-3’, GAP43 reverse; 5’- 
GGCGAGTTATCAGTGGAAGC-3’, Neurofilament 
light chain (NF-L) forward; 5’-ACCAAGACCTC- 
CTCAACGTG-3’, NF-L reverse; 5’-TCAGCCTTGG- 
CAGCCTCAAT-3’, AURKA forward; 5’-GCAGAT- 
TTTGGGTGGTCAGT-3’, and AURKA reverse; 5’- 

CAAAAGGAGGCTTCCCAACT-3’. 1 μM of each 
pair of the indicated primers, and 10 ng cDNA 
were mixed and PCR was performed in the fol-
lowing conditions: Actin; a 30 seconds initial 
denaturation at 95°C, followed by 35 cycles of 
30 seconds at 94°C, 15 seconds at 55°C, and 
50 seconds at 68°C, and 5 minutes at 68°C, 
MYCN (Figure 3Aa) and GAPDH (Figure 2D); a 
30 seconds initial denaturation at 94°C, fol-

Figure 2. TNIIIA2 synergistically promotes ATRA-induced neuronal differentiation of IMR-32. (A) Dose-dependency 
of ATRA in induction of neuronal-like morphological changes. IMR-32 cells were cultured in the medium with ATRA 
(10, 100, 1000 nM) for 6 days. Microscopic observation was performed (scale bars: 100 µm). (B) IMR-32 cells were 
cultured in the medium containing ATRA (100 nM) with or without TNIIIA2 (3 µg/mL) as indicated. After culturing for 
6 days, cells were fixed and stained using Diff-Quick stain kit. Microscopic observation was performed (scale bars: 
100 µm). (C) IMR-32 cells cultured under the conditions as described above were subjected to measurement of the 
length of axon-like protrusions using a curvimeter. Data are shown as the means ± SD (n=4). Statistical analysis 
was performed by ANOVA and post hoc test. **P<0.01. (D and E) IMR-32 cells cultured as above were subjected to 
detection of neuronal differentiation markers. Gene expression of GAP43, NF-L or GAPDH as evaluated by RT-PCR 
(D) and protein expression of NF-H, NF-L and α-tubulin as detected by western blotting (E). (F) IMR-32 cells cultured 
in a glass bottom dish under the same conditions as above were fixed, permeabilized with Triton-X, and incubated 
with anti-Ki-67 or NF-H antibody, followed by incubation with FITC-conjugated and Alexa 633-conjugated secondary 
antibodies, respectively. Immunofluorescence localization of Ki-67 (green) and NF-H (red) was visualized by using 
immunofluorescence microscopy.
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lowed by 30 or 33 cycles of 30 seconds at 
94°C, 30 seconds at 57°C, and 30 seconds at 
68°C, and 7 minutes at 68°C, NF-L; a 60 sec-
onds initial denaturation at 95°C, followed by 
35 cycles of 30 seconds at 95°C, 30 seconds 
at 55°C, and 30 seconds at 72°C, and 7 min-
utes at 72°C, GAP43; a 2 minutes initial dena-
turation at 95°C, followed by 33 cycles of 30 
seconds at 95°C, 30 seconds at 55°C, and 30 
seconds at 72°C, and 7 minutes at 72°C, and 
MYCN (Figures 3B and 7E), GAPDH (Figures 3B, 
6C and 7E) and AURKA; a 2 minutes initial 
denaturation at 95°C, followed by 27 cycles of 
30 seconds at 95°C, 30 seconds at the appro-
priate anneal temperatures (MYCN; 58°C, 
GAPDH and AURKA; 55°C), and 30 seconds at 
72°C, and 7 minutes at 72°C. Products were 
run in agarose gel electrophoresis and the 
band intensity was scanned by Printgraph 
(ATTO).

Western blotting

Cells were dissolved with the sodium dodecyl 
sulfate (SDS) sample buffer and subjected  
to SDS-PAGE and immunoblot analysis using 
anti-neurofilament heavy chain (NF-H) anti- 
body (Abcam), anti-NF-L antibody (Sigma), anti-
α-tubulin antibody (Santa Cruz Biotechnology), 
anti-N-Myc antibody (Calbiochem), anti-actin 

antibody  (Sigma), anti-talin antibody (Biomol), 
anti-Aurora A antibody (Cell Signaling Tech- 
nology) and anti-ubiquitin antibody (Millipore). 
Immunoblots were detected using Las 3000 
mini (FUJIFILM). 

Fluorescence microscope

IMR-32 cells were incubated in glass bottom 
dish (Matsunami) with the medium for differen-
tiation induction for 6 days. Adhered cells were 
fixed with 10% formalin and 5% glycerol for 1 
hour. Fixed cells were treated with 0.03% 
Triton-X for 5 minutes. After washing with phos-
phate buffered saline, cells were incubated 
with anti-Ki-67 (Abcam) and NF-H (Abcam) anti-
bodies in a 5% CO2 incubator at 37°C for 1 
hour. Then, cells were incubated with FITC-
conjugated (Beckman Coulter) and Alexa 
633-conjugated (Invitrogen) secondary anti-
bodies in a 5% CO2 incubator at 37°C for 1 
hour. Immunofluorescence localization of Ki-67 
(green) and NF-H (red) was visualized by using 
immunofluorescence microscope, BIOREVO 
BZ-9000 (KEYENCE).

Colony formation assay

IMR-32 cells (1 × 105 cells/well) incubated with 
MEM containing ATRA (100 nM) in the presence 
or absence of TNIIIA2 (6 µg/mL) in a 6-well 

Figure 3. The combination of ATRA and TNIIIA2 strongly decreases the protein expression of N-Myc in IMR-32 and 
Kelly cells. (A) Left panel: MYCN gene expression of IMR-32 (a) and SK-N-SH (b) cells evaluated by RT-PCR. Right 
panel: N-Myc protein expression of IMR-32 (a) and SK-N-SH (b) cells detected by western blotting. (B and C) IMR-32 
cells were cultured in the presence or absence of ATRA and TNIIIA2 as indicated. After culturing for 6 days, expres-
sions of MYCN gene (B) and N-Myc protein (C) were evaluated by RT-PCR and western blotting, respectively. (D) 
Kelly cells, another MYCN amplified human neuroblastoma cell line, were cultured under the same conditions as 
performed in IMR-32 cells. N-Myc protein expression was detected by western blotting.
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plate for 6 days. After removing medium, cells 
were treated with 0.05% collagenase (FUJIFILM 
Wako) and incubated until the intercellular 
adhesion got loose. Harvested cells  
(4 × 103 cells/well) were suspended in medium 
with 0.35% soft agar and 7.5% FBS, Bacto Agar 
(BD Bioscience), and the suspensions were laid 
on the solid layer of medium with 0.7% soft 
agar and 10% FBS and placed still at 4°C for 8 
minutes. Finally, medium with 10% FBS was 
applied over the solid layers. After incubation in 
a 5% CO2 incubator at 37°C for 14 days, the 

number of colonies in 4 fields per well was 
counted and photographs were taken. 16 days 
after the cell count, photographs were taken 
again. The half volume of medium of the upper 
layer was replaced with fresh one every week 
during incubation.

Tumorigenicity

The animal procedure was approved by the 
Institutional Animal Care and Use Committee 
(IACUC) of Tokyo University of Science. IMR-32 

Figure 4. The combination of ATRA with TNIIIA2 strongly suppresses tumorigenic potential of IMR-32 cells. (A) IMR-
32 cells were cultured with ATRA (100 nM) in the presence or absence of TNIIIA2 (6 µg/mL) for 6 days. Cells were 
then harvested and mixed with 0.35% soft agar containing ATRA (100 nM), TNIIIA2 (6 µg/mL) or their combination 
and subjected to colony formation assay, as described in Materials and methods. (a) The number of colonies was 
counted after 14 days. Data are shown as the means ± SD (n=3). Statistical analysis was performed by ANOVA and 
post hoc test. *P<0.05, **P<0.01. Photographs were taken after 14 days (b-e) and 30 days (f-i). (B) IMR-32 cells 
were cultured with ATRA (100 nM) in the presence or absence of TNIIIA2 (3 µg/mL) for 6 days. Cells were harvested 
and then injected into the back side of nude mice with Matrigel® (2 μg/mL). The incidence of tumor formation during 
bleeding for 28 days is summarized in (a). Representative photographs of tumor formation after 28 days are in (b-e), 
and tumors formed in each group of mice are represented as a relative value to the control in (f). Data are shown as 
the means ± SD (n=3). Statistical analysis was performed by ANOVA and post hoc test. **P<0.01.
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cells were incubated with MEM containing ATRA 
(100 nM) in the presence or absence of TNIIIA2 
(3 µg/mL). Cells were harvested and then 
injected into the back side of nude mice (Balb/c 
Slc-nu/nu, Sankyo Labo Service Corporation 
Inc.) with Matrigel® (BD Bioscience, 2 μg/mL). 
The volume of tumors was measured, and pho-
tographs were taken after 28 days. Tumor vol-
umes were estimated (volume = (a2 × b)/2, a<b) 
using a caliper.

Knockdown of talin

200 μL of Opti-MEM (Invitrogen) including talin 
small interference RNA (siRNA) (Sigma) or siP-
erfect Negative Control (Sigma) and 2 μL of 
Lipofectamine RNAi Max (Invitrogen) were 
mixed and placed still for 20 minutes at room 

temperature. 1 mL of IMR-32 cell suspension 
(6 × 104 cells/mL) was added to the solution 
and the mixture was incubated in a 5% CO2 
incubator at 37°C for 48 hours. Knockdown of 
talin was confirmed by western blotting.

Immunoprecipitation

IMR-32 cells were cultured with or without the 
combination of TNIIIA2 (3 µg/mL) and ATRA 
(100 nM) for 6 days. Cells were treated with or 
without MG-132 (1.0 µM) 24 hours before lysis. 
Cells were dissolved with the RIPA buffer (0.025 
M Tris, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40, 
5% glycerol, pH 7.4) and prepared protein  
concentration for 1 mg/mL. Cell lysates were 
added 5 µg of anti-N-Myc antibody and rotated 
for 1 hour in 4°C. After rotated, cell lysates 

Figure 5. Activation of Integrin α4β1 is responsible for N-Myc protein degradation by the combination of ATRA and 
TNIIIA2. (A) IMR-32 cells were cultured with or without ATRA in the presence or absence of HUTS-4, instead of TNII-
IA2, as indicated. After culturing for 6 days, N-Myc protein expression was detected by western blotting. (B) IMR-32 
cells were transfected with control siRNA or talin siRNA as described in Materials and methods. (a) Down-regulation 
of talin was verified by western blotting. (b) IMR-32 cells treated with control siRNA or talin siRNA, were cultured in 
the medium with ATRA (100 nM) and TNIIIA2 (3 µg/mL), and expression of N-Myc protein was detected by western 
blotting. (C) IMR-32 cells were cultured in the medium with ATRA and TNIIIA2 in the presence or absence of integrin 
antagonistic peptides: CS-1 (a) for Integrin α4β1 and GRGDSP (b) for α5β1. N-Myc protein expression was detected 
by western blotting.
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were mixed with 20 µL Protein G-Agarose and 
rotated for overnight in 4°C. After washed by 
RIPA buffer 3 times, cell lysates were subjected 
to immunoblot analysis using anti-N-Myc anti-
body and anti-ubiquitin antibody.

Neuroblastoma xenograft model

The animal procedure was approved by the 
IACUC of Tokyo University of Science. IMR-32 
cell suspension (2.0 × 106 cells) containing 
Matrigel® (2 μg/mL) was injected into the back 
side of each Balb-c nude mouse (Balb/c Slc-nu/
nu). After 8 weeks passed since the transplan-
tation, these mice were allotted to 3 groups to 
set equally the average size of tumor in each 
group for evaluation of a therapeutic effect by 
agents. Each group was subjected to chemo-
therapy with vehicle, ATRA (200 μg i.p./head), 
or the ATRA and TNIIIA2 (alternately 500 μg 
i.p./head and 250 μg i.v./head) combination for 
initial 1 week. Tumor volumes were estimated 
(volume = (a2 × b)/2, a<b) using a caliper at the 
indicated time. After monitoring tumor size for 
5 weeks, tumors were subjected to western 
blotting and RT-PCR analysis. 

Database analysis

A publicly available RNA-sequencing data  
from a cohort of 498 neuroblastoma tumors 
(GSE62564) was analyzed using R2 program 
(Genomics Analysis and Visualization Platform, 
http://r2.amc.nl). The expression data of tenas-
cin-C in low/high-risk group and MYCN non-
amplification/amplification group were down-
loaded from R2 and analyzed by unpaired 
student’s t-test. A Kaplan-Meier survival curve 
was also generated using R2 and the cut-off 
level of tenascin-C for the curve was the medi-
an value of tenascin-C expression.

Results

Combination treatment of TNIIIA2 synergisti-
cally accelerated the ATRA-induced neuronal 
differentiation of human neuroblastoma cell 
line IMR-32 with MYCN amplification

IMR-32 cells were used in this study as a hu- 
man neuroblastoma cell line with MYCN gene 
amplification. Consistent with our previous 
report using various cell lines [17], TNIIIA2 also 
enhanced adhesion of IMR-32 cells to the fibro-

Figure 6. Decrease in N-myc protein level induced by the combination of ATRA with TNIIIA2 is caused by proteasomal 
degradation. (A and B) IMR-32 cells were cultured in the medium with ATRA (100 nM) and TNIIIA2 (3 µg/mL) in the 
presence or absence of MG-132, a proteasome inhibitor. A part of cell lysates was subjected to western blotting for 
N-Myc protein (A). Another part of cell lysates was subjected to immunoprecipitation using anti-N-Myc antibody (B). 
Ubiquitinated proteins were detected by western blotting using anti-ubiquitin antibody. (C and D) To evaluate the 
association of Aurora A in the decreased protein level of N-Myc, IMR-32 cells cultured with ATRA in the presence 
or absence of TNIIIA2 were subjected to RT-PCR and western blotting to detect gene expression of AURKA (C) and 
protein expression of Aurora A (D), respectively.
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nectin substrate (Figure 1A), through activation 
of β1-integrins (Figure 1B). Prior to the effects 
of TNIIIA2 on neuronal differentiation, dose-
dependency of neuronal differentiation induc- 
ed by ATRA was examined. When IMR-32 cells 
were stimulated with ATRA at increased con-
centrations, extension of axon-like protrusions 
were observed in some cells at 100 nM (Figure 
2Ac). Higher concentration (1000 nM) of ATRA 
caused no remarkable increase in the exten-

sion of axon-like protrusions (Figure 2Ad). 
When neuronal differentiation by ATRA was 
then stimulated in the presence of TNIIIA2, a 
marked synergistic increase in the length of 
axon-like neurites became evident, although 
TNIIIA2 alone showed no significant effect  
on the axon-like neurites (Figure 2B and 2C). 
Acceleration of ATRA-induced differentiation  
by TNIIIA2 was further proven by evaluation  
of neuronal marker expressions as follows. 

Figure 7. The combination of ATRA with TNIIIA2 decreased tumor growth in parallel with N-myc protein decrease in 
tumor. (A) IMR-32 cells were injected into the left back side of nude mice. After 8 weeks of injections, the nude mice 
were divided into 3 groups and subjected to daily chemotherapy with vehicle, ATRA (200 μg i.p./head), or the ATRA 
and TNIIIA2 (alternately 500 μg i.p./head and 250 μg i.v./head) combination for initial 1 week. Data are shown as 
the means ± SD (n=4). Statistical analysis was performed by Mann-Whitney U test. *P<0.05. (B) Representative 
photographs of mice were taken at 5 weeks: (a) control, (b) ATRA, (c) ATRA + TNIIIA2. (C) Body weight of each mouse 
was measured in every week. (D and E) Protein expression of N-Myc and gene expression of MYCN in tumors of each 
group at 5 weeks were evaluated by western blotting (D) and RT-PCR (E), respectively.
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RT-PCR showed that the gene expression levels 
of NF-L and GAP43 were significantly enhanced 
by combination treatment of ATRA with TNIIIA2 
(Figure 2D). Similarly, western blotting analysis 
showed that protein expressions of NF-H and 
NF-L in cells treated with ATRA were clearly 
increased by the addition of TNIIIA2 (Figure 
2E). Stimulation with TNIIIA2 without ATRA was 
less effective on the expression of neuronal  
differentiation markers than the combination 
treatment (Figure 2D and 2E). Furthermore, 
Ki-67 staining showed a significant decrease  
in the number of proliferating cells following 
ATRA-TNIIIA2 combination treatment (Figure 
2F), suggesting that the transformation of the 
cell phase from proliferation to differentiation 
was promoted by the combination treatment. 
These results showed that the addition of 
TNIIIA2 synergistically accelerated the ATRA-

of N-Myc in IMR-32 cells was remarkably 
decreased by combination treatment of ATRA 
with TNIIIA2, but weakly by ATRA or TNIIIA2 
alone (Figure 3C). A decrease in N-Myc protein 
level by ATRA-TNIIIA2 combination was also 
observed in another MYCN-amplified human 
neuroblastoma cell line, Kelly (Figure 3D).

High protein levels of N-Myc are thought to play 
important roles in tumor initiation and malig-
nant progression [3, 4]. Thus, as the represen-
tative cancer-associated malignant properties, 
the anchorage-independent growth in soft aga-
rose and tumorigenicity in mice were examined. 
IMR-32 cells, which were pre-treated with ATRA, 
TNIIIA2 or their combination, were cultured in 
soft agarose or injected to mice for evaluating 
colony formation in vitro and tumor formation  
in vivo, respectively. The number of colonies 

Figure 8. Correlation be-
tween tenascin-C expres-
sion and prognosis in 
neuroblastoma patients. 
A and B: Tenascin-C ex-
pressions of low/high 
risk neuroblastoma pa-
tients and MYCN non-am-
plification/amplification 
neuroblastoma patients 
were analyzed by R2 pro-
gram and unpaired stu-
dent’s t-test. C: A Kaplan-
Meier event free survival 
curve of neuroblastoma 
patients who have low/
high level of tenascin-C 
expression was gener-
ated by R2.

induced neuronal differen-
tiation of IMR-32 cells with 
MYCN gene amplification.

Combination treatment of 
ATRA with TNIIIA2 caused 
a decrease in intracellular 
level of N-Myc protein, 
resulting in attenuation of 
the malignant properties of 
IMR-32 cells 

High expression of N-Myc is 
a major cause of aberrant 
neuronal differentiation in 
neuroblastoma [3]. There- 
fore, accelerated neuronal 
differentiation by a combi-
nation treatment of ATRA 
with TNIIIA2 might be cau- 
sed by a decrease in the 
intracellular levels of N-Myc 
in IMR-32 cells. The MYCN 
gene and N-Myc protein 
were confirmed to be highly 
expressed in IMR-32 cells, 
but not in SK-N-SH neu- 
roblastoma cells without 
MYCN gene amplification 
[21] (Figure 3A). This high 
expression of MYCN in IMR-
32 cells was barely influ-
enced by treatment with 
ATRA, TNIIIA2 or their com-
bination (Figure 3B). In con-
trast, the intracellular level 
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formed in soft agarose was decreased in IMR-
32 cells pre-treated with ATRA alone, but not in 
those treated with TNIIIA2 alone (Figure 4A). 
The decrease in the number of colonies became 
highly significant by pre-treating the cells addi-
tionally with TNIIIA2 (Figure 4A). Injections of 
IMR-32 cells pre-treated with TNIIIA2 or ATRA 
alone formed tumors in all mice (Figure 4Ba-d), 
while the average tumor size in mice injected 
with cells pre-treated with ATRA was smaller 
than that of vehicle control (Figure 4Bf). In con-
trast, importantly, no definite tumor formation 
was detected in all mice injected with IMR-32 
cells pre-treated with the ATRA-TNIIIA2 combi-
nation (Figure 4Ba, 4Be and 4Bf). From these 
observations, a decrease in the intracellular 
level of N-Myc induced by ATRA-TNIIIA2 combi-
nation treatment seemed to cause a remark-
able attenuation of malignant properties, con-
comitant with neuronal differentiation.

Molecular basis for a decrease in intracellular 
level of N-Myc by ATRA-TNIIIA2 combination 
treatment

To determine whether decreased N-Myc could 
be coupled to β1-integrin activation by TNIIIA2, 
HUTS-4, an anti-β1-integrin-activating mAb 
[22], was used instead of TNIIIA2. As shown in 
Figure 5A, when treating IMR-32 cells with 
ATRA in the presence of HUTS-4, a significant 
decrease in N-Myc protein level was observed, 
but only a weak decrease was evident with 
HUTS-4 alone. The involvement of β1-integrin 
activation was also demonstrated by knock-
down of talin that functions as an important 
molecule to keep the β1-integrin conformation 
active [23]. That is, down-regulation of talin 
expression by siRNA in IMR-32 cells (Figure 
5Ba) completely abrogated the decrease in 
N-Myc protein level induced by ATRA-TNIIIA2 
combination treatment (Figure 5Bb). Additio- 
nally, the decrease of N-Myc was also blocked 
by peptide CS-1, a specific antagonist for integ-
rin α4β1, but not by GRGDSP, an integrin α5β1 
antagonist (Figure 5C). Peptide CS-1 had little 
effect on the N-Myc protein expression level 
(Figure 5Ca). These results thus suggested 
that activation of β1-integrin, especially α4β1, 
played a critical role in the decreased expres-
sion of N-Myc in neuroblastoma cells, which 
was induced by ATRA-TNIIIA2 combination 
treatment.

In general, the balance of de novo protein syn-
thesis and its degradation contributes on keep-
ing certain expression levels of intracellular 
proteins [24]. Since the decreased N-Myc pro-
tein expression by ATRA-TNIIIA2 combination 
treatment was shown to occur at the post-tran-
scriptional level (see Figure 3), the implication 
of proteasomal degradation was examined. 
When IMR-32 cells were treated with ATRA-
TNIIIA2 combination in the presence of MG-132, 
a proteasome inhibitor, the ATRA-TNIIIA2 co-
treatment-induced decrease of N-Myc was 
completely canceled (Figure 6A). 

We next investigated the molecular processes 
coupled to the decreased expression of N-Myc 
protein, which is induced by ATRA-TNIIIA2 com-
bination treatment. After IMR-32 cells were 
treated with ATRA-TNIIIA2 combination in the 
presence of MG-132, cell lysates were subject-
ed to immunoprecipitation with anti-N-Myc anti-
body, and ubiquitinated N-Myc was then detect-
ed by anti-ubiquitin antibody. As shown in 
Figure 6B (lane 7 and 8 in lower panel), immu-
noblots larger than 75 kDa in lane 8 became 
more significant than those in lane 7, indicating 
that ubiquitination of N-Myc was promoted by 
ATRA-TNIIIA2 combination treatment.

We next examined the impact of Aurora A which 
binds to ubiquitinated N-Myc and prevents its 
proteasomal degradation [25]. Both the gene 
expression of AURKA coding Aurora A and pro-
tein expression of Aurora A in IMR-32 cells were 
decreased by ATRA-TNIIIA2 combination, but 
not changed by ATRA or TNIIIA2 alone (Figure 
6C and 6D). Thus, ATRA-TNIIIA2 combination 
treatment was shown to promote the ubiquiti-
nation of N-Myc protein in IMR-32 cells, which 
might have led to N-Myc protein degradation. 

Therapeutic potential of the ATRA-TNIIIA2 co-
administration in neuroblastoma 

To evaluate the therapeutic effect of the ATRA-
TNIIIA2 combination administration, we used a 
neuroblastoma xenograft model. IMR-32 cells 
were injected subcutaneously in the left flank 
of nude mice. After 8 weeks of injections, mice 
were divided into 3 groups based on average 
tumor size. For chemotherapy, vehicle, ATRA, or 
ATRA-TNIIIA2 combination was injected into the 
mice every day for 1 week. After monitoring 
tumor sizes for 5 weeks, the expressions of the 
MYCN gene and N-Myc protein in the tumors 
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were measured by RT-PCR and western blot 
analysis. 

As shown in Figure 7A and 7Ba, conspicuous 
tumor growth was observed in the vehicle  
control group. The administration of ATRA sup-
pressed tumor growth, while the difference of 
tumor sizes between control and ATRA group 
was not statistically significant (Figure 7A and 
7Bb). ATRA-TNIIIA2 co-administration suppres- 
sed tumor growth significantly and completely 
even though duration of treatment was only 1 
week, and average tumor size was reduced 
(Figure 7A and 7Bc). There was no significant 
change in body weight in each group (Figure 
7C). The prevention of tumor growth by ATRA-
TNIIIA2 co-administration was in parallel with a 
clear decrease in N-Myc protein level in tumors 
(Figure 7D), which closely coincided with the in 
vitro data. The MYCN gene expression level was 
not influenced by co-administration (Figure 7E). 

Discussion

Treating cancer by inducing normal differentia-
tion of tumor cells is an attractive strategy, but 
the clinical application of differentiation thera-
py for cancer treatment has been limited to 
date, especially for solid cancers [11]. Differen- 
tiation therapy using RA derivatives, including 
ATRA, has long been investigated for high-risk 
neuroblastoma. However, the clinical outcome 
has not been sufficient via RA derivatives [12-
14, 26], probably because of the inhibition of 
differentiation caused by N-Myc which is highly 
expressed in high-risk neuroblastoma. Besides 
the low therapeutic efficacy, an additional prob-
lem recently became apparent in pediatric can-
cer treatment. Since most pediatric cancers 
often occur in children younger than 4 years of 
age, it is difficult to find chemotherapeutic side 
effects in these young patients. Intensive che-
motherapy in pediatric cancer patients, which 
is often applied to high-risk neuroblastoma, 
causes serious health problems months or 
years after treatments have ended [8]. There- 
fore, alternative therapeutic approaches have 
been urgently needed to develop chemothera-
py that has high therapeutic efficacy with a low 
risk of late effects. 

Here, we showed that the treatment of neuro-
blastoma cells with ATRA in combination with 
TNIIIA2 enabled stimulation of proteasomal 
degradation of N-Myc (Figure 6A). High expres-

sion of N-Myc is a cause of not only aberrant 
neuronal differentiation but also the malignant 
features of neuroblastoma. Thus, a significant 
decrease in N-Myc might be responsible for the 
efficient induction of neuronal differentiation 
and attenuation of malignant properties in neu-
roblastoma cells. Furthermore, an in vivo exper-
iment using a neuroblastoma xenograft model 
showed that ATRA-TNIIIA2 combination treat-
ment had potent ability to inhibit tumor growth 
(Figure 7A), and N-Myc protein level was signifi-
cantly decreased in tumor tissues, in agree-
ment with in vitro results (Figure 7D). In con-
trast to conventional anti-cancer drugs, the 
anti-tumor effect of ATRA-TNIIIA2 combination 
treatment does not depend on cancer cell 
death but is based on accelerated neuronal  
differentiation in response to N-Myc protein 
degradation. The proteasomal degradation of 
N-Myc stimulated here is a physiological pro-
cess functioning as a turnover system for this 
oncoprotein. Thus, ATRA-TNIIIA2 combination 
treatment might provide a new strategy for  
differentiation therapy with a low risk of late 
effects for high-risk neuroblastoma.  

Tenascin-C, the parent molecule of TNIIIA2, is 
transiently and highly expressed in malignant 
tumors, such as glioblastoma, lung cancer and 
breast cancer, and its expression level corre-
lates with poor prognoses for these cancers 
[27-29]. Therefore, tenascin-C has been invol- 
ved in tumor initiation and progression, while 
its substantial role in cancer pathogenesis has 
been unclear. Recently, we showed that tenas-
cin-C and TNIIIA2 could be involved in the 
pathogenesis of colon cancer and its lung 
metastasis [18]. This result seems to be con-
trary to the present results, which showed the 
beneficial effects of TNIIIA2 on neuroblastoma 
treatment. Tenascin-C is also highly expressed 
in neuroblastoma [30], while retrospective 
database analysis showed that the expression 
level of tenascin-C in low-risk/MYCN non-ampli-
fied neuroblastoma patients is higher than that 
in high-risk/MYCN-amplified patients (Figure 
8A and 8B). Additionally, high tenascin-C ex- 
pression was correlated with favorable out-
come of neuroblastoma patients in a Kaplan-
Meier analysis where the median value of 
tenascin-C expression was used as a cutoff 
(Figure 8C). It might be possible that at least in 
high-risk neuroblastoma with MYCN amplifica-
tion, TNIIIA2-relating peptides endogenously 
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released from tenascin-C molecule function 
repressively in the pathogenesis of neuroblas-
toma. Besides the correlation between tenas-
cin-C level and prognosis, further statistical 
analysis to obtain information on N-Myc and 
TNIIIA2 expression in neuroblastoma patients 
would be required.

Combination treatment of ATRA with TNIIIA2 
stimulated the proteasomal degradation of N- 
Myc protein, while TNIIIA2 or ATRA alone had 
little effect (Figure 3C). This N-Myc protein deg-
radation by ATRA-TNIIIA2 combination treat-
ment was accompanied by a remarkable 
decrease in the expression level of Aurora A 
(Figure 6D). Aurora A is known to be able to 
inhibit the proteasomal degradation of N-Myc 
[25]. This decrease in the level of Aurora A was 
also caused by ATRA-TNIIIA2 combination treat-
ment, but not by TNIIIA2 or ATRA alone (Figure 
6D). These results indicate that suppression of 
Aurora A protein expression requires functional 
coordination between RA and β1-integrin sig-
nals. In our study, activation of integrin α4β1 
was associated with N-Myc protein degradation 
in IMR-32 cells adhering to the fibronectin sub-
strate that is an abundant and ubiquitous ECM 
scaffold for mammalian cells (Figure 5Ca). In 
contrast, some reports show that neuronal dif-
ferentiation of neuroblastoma cells by RA is 
accompanied by an increase in integrin α1β1 
expression [30, 31]. It is presumed that the 
activation of β1 subfamily of integrins, indepen-
dent of α integrin partner, may be functional in 
N-Myc protein degradation.

On the other hand, it was previously reported 
that PP2A, a protein phosphatase, is associat-
ed with N-Myc protein degradation [32]. PP2A, 
which is upregulated by ATRA [33], also has  
an ability to decrease the intracellular level of 
Aurora A via proteasomal degradation [34]. 
Additionally, β1-integrin is able to interact with 
PP2A and influence the phosphatase activity 
[35-37]. PP2A might be implicated in the N-Myc 
protein degradation induced by ATRA-TNIIIA2 
combination treatment in our study, in which 
the combination of TNIIIA2 with ATRA was 
essential. Further investigation should be per-
formed to define whether the combination 
treatment of ATRA with TNIIIA2 induces N-Myc 
protein degradation through PP2A signal cas-
cade. Precise understanding of the signaling 
crosstalk between integrin and ATRA could 
make the differentiation therapy more effec- 
tive.
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