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Abstract

 From 1984 to 2013, we established 29 childhood tumor cell lines and 16 neuroblastoma (NB) cell lines for cellular 
and molecular assays. NB diagnosis has been attempted with monoclonal antibodies against NB surface antigens (but not 
fetal neuroblasts), particularly with monoclonal antibody KP-NAC8. The multipotency of NB has been assessed during 
differentiation of NB cells into neurons, schwannian cells, smooth muscle cells. Regarding MYCN oncogene amplification 
(MNA) and tumorigenesis, the correlation between increased MNA and tumorigenesis in parental and subcloned NB cell 
lines, serum MYCN DNA levels, and MYCN DNA levels in primary tumors, cell lines, and serum in NB patients have been 
analyzed. Regarding neurotrophin and tyrosine kinase (TRK) family receptors, ciliary neurotrophic factor (CNTF) in NB 
cell lines have been analyzed, particularly TRK-A, TRK-B, and CNTF in NB cell lines. Differences in chemotherapeutic 
sensitivity between two NB cell lines derived from the same patient before and after chemotherapy have been discussed. 
Finally, improvement of NB prognosis with fenretinide, an apoptosis inducer in NB cell lines, and apoptotic induction using 
gefitinib (EGFR inhibitor) in NB cell lines have been discussed, along with potential novel therapeutic agents.
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Abbreviations: NB: neuroblastoma; MNA: MYCN oncogene amplification; NGF: nerve growth factor; BDNF: bone-derived 
neurotrophic factor; NT: neurotrophin; TRK: tyrosine kinase; CNTF: ciliary neurotrophic factor; IL: interleukin; MDR: 
multidrug resistance; FR: fenretinide; ROS: reactive oxygen species; RA: retinoic acid; BrdU: bromodeoxyuridine. 
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Introduction

 The characteristics of childhood malignancy are dif-
ferent from those of adult malignancies, with respect to em-
bryogenesis, histological findings, physiological attributes, and 
their incidence. In leukemia, lymphoma, brain tumor, neuro-
blastoma (NB), retinoblastoma, Wilms tumor, hepatoblasto-
ma, and soft-tissue sarcomas including rhabdomyosarcoma 
and Ewing’s sarcoma, the formation of embryonic tumors and 
sarcomas is prominent. In the nationwide record of childhood 
malignancies in Japan, hematopoietic malignancies (including 
leukemia and lymphoma) and solid tumor malignancies ac-
count for approximately 40% and 50% of total malignancies, 
respectively. 

 During the last 30 years in our pediatric departments 
in Kyoto, Miyazaki, and the second Kyoto, Japan, our basic poli-
cies in our departments emphasize on “Harmony and hard work 
through healthy competition among colleagues,” “Balancing 
clinical, educational, and research activities. 

 We previously attempted to establish cell lines derived 
from tumor tissue, bone marrow, or metastatic cells from pe-
ripheral blood and investigate their tumor-associated molecu-
lar characteristics, finally reporting their applicability in clinical 
studies.

 From 1984 to 2013 we established 29 infant tumor cell 
lines, including 16 NB cell lines [1] (Table 1), designated as ei-
ther Kyoto Pediatrics (KP) or Miyazaki Pediatrics (MP), indi-
cating the domestic products of these cell lines, along with the 
NB cell line (N). The applications of these NB cell lines in basic 
and clinical studies are discussed below to understand with re-
spect to pediatric oncology.

 Recent biological and clinical subtypes of NB based 
on age, INSS stage, MYCN amplification, DNA ploidy, 1p LOH, 
17q gain, tyrosine kinase (TRK)-A receptor expression, TRK-B 
expression, and 5-year survival are described herein (Table 2). 

Establishment of 16 NB cell lines from 12 patients     

 Tumor samples for cell culture were obtained from bi-
opsy, operative, or autopsy specimens and finely minced with 
scalpels and cultured. Mononuclear cell fractions from bone 
marrow or peripheral metastatic cells were prepared via Fi-
coll-Hypaque density gradient centrifugation. Cells were cul-
tured in RPMI 1640 medium containing penicillin (100 U/ml), 
streptomycin (100 µg/ml) and 15% heat-inactivated fetal calf 
serum at 37°C and 5% CO2. The media were changed every 

3-4 d. Cell lines were considered to be successfully established 
on subculturing for more than 60 passages over a 2-year period 
[1]. 

 We first attempted to establish NB cell lines in 1983, 
when I have worked as a clinical research fellow (Cell Culture 
Laboratory, Molecular Biology, Roswell Park Memorial Insti-
tute, Buffalo, NY) under Professor Jun Minowada (one famous 
leukemia biologist, and one of the RPMI 1640 medium devel-
opers). Our research colleague advised that “At least two tumor 
cell lines had to been established when you are able to be eli-
gible for a researcher". The final goal of establishing tumor cell 
lines is to unravel novel diagnostic or therapeutic methods for 
cancer.             

 The NB cell line is one of the most traditional human 
cell lines, and first NB cell lines NB-1 [2] and SK-N-SH [3] 
were established in 1973. NB-1 was established by Dr. Shinsaku 
Imashuku at our institute in the Departments of Pediatrics and 
Pathology and catecholamine metabolism was assessed in this 
NB cell line [2]. SK-N-SH [3] was established by Dr. June L 
Biedler at the Memorial Sloan-Kettering Cancer Center and 
its morphology, growth characteristics, tumorigenicity, and 
cytogenetics were assessed. Since then, more than 110 NB cell 
lines have been reported [4]; however, certain additional NB 
cell lines also exist. In this review, the cellular and molecular 
aspects of these established NB cell lines are discussed.    

Monoclonal antibodies against NB cell surface anti-
gens

(1) Diagnosis of NB tumors with a panel of monoclonal an-
tibodies 

 Many surface antigens are expressed on tumor cells, 
and monoclonal antibodies against tumor cell surface antigens 
have been developed; however, NB-specific antigens have not 
been reported. Although NB has not been diagnosed using a 
single monoclonal antibody, a panel of monoclonal antibodies 
enabled us to detect NB cells. 
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Table 1  Sixteen established neuroblastoma cell lines from 12 patients

No Cell line Patient Primary  
tumor Stage Metastasis Sample Therapy MYCN 

amp
Out-
come References

1 KP-N-
RTBM

1 y 2 
m Adr gl 4 BM, Bone BM Before 50 Dead 8, 12-14, 19, 

29

2 KP-N-
RTLN

1 y 2 
m Adr gl 4 BM, Bone, 

LN LN Before 50 Dead 8, 12, 15, 28

3 RT-BMV 1 y 2 
m Adr gl 4  BM, Bone BM Before 100 Dead 22

4 KP-N-SI-
LA 5 y Adr gl 4  LN・Bone LN Autopsy 1 Dead 14, 16-19, 28

5 KP-N-SI-
FA 5 y Adr gl 4 LN・Bone Bone Autopsy 1 Dead 19,  29, 32, 

34

6 KP-N-YN 2 y Adr gl 3 LN Delayed
primary During 100 Dead 17,  19

7 KP-N-AY 2 y 6 
m Adr gl 4 LN・BM BM Before 50 Dead 30,  31

8 KP-N-
AYR

2 y 6 
m Adr gl 4 LN・BM BM During 50 Dead 30,  31

9 MP-N-MS 1 y 6 
m Adr gl 4 BM BM Before 50 Dead 19

10 KP-N-YS 4 y Adr gl 4 BM BM Before 10 Dead 19

11 MP-N-TS 2 y 8 
m Adr gl 4 Bone・Gin-

giva Primary Before 1 Dead 27, 29 ,33

12 KP-N-HN 4 y Adr gl 4 BM BM・ During 1 Dead 29

13 KP-N-NY 5 y Adr gl 4 BM Delayed
primary During 1 Dead 29

14 KP-N-SK 2 y 2 
m Adr gl 4 Bone・BM BM Before 45 Dead Unpublished

15 KP-N-Yu-
No

1 y 5 
m Retro 4 LN・ Primary Before 10 Dead Unpublished

16 KP-N-TK 1 y 1 
m Adr gl 4 BM・Bone Primary Before 20 Alive 1,  32, 33
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 Cell lines KP-N-RTBM and right-axillary lymph node 
KP-N-RTLN from a 1-year-2-month-old patient with a stage 4 
bone marrow malignancy were established (Figure 1). Subse-
quently, six cloned cell lines (RT-BM series) and 12 cloned cell 
lines (RT-LN series) were established from each parental NB 
cell line. A panel of monoclonal antibodies was used, and four 
key monoclonal antibodies, including CD24 (BA-1), UJ-127-11, 
PI153/3 (KP-NAC10), and KP-NAC8 (described below), were 
identical to bone marrow tumor cells in an RT patient, KP-N-
RT parent cell lines, and KP-N-RT cloned cell lines (Table 3) [5-
8].                                                                                                                                                                                                   

 Thus, NB cell surface antigens are stably expressed 
during culturing for at least 2 years, and the analysis of NB cell 
surface antigens was rapid and accurately detected bone mar-
row tumor infiltrates (required duration, 2 h) and NB cell lines.     

(2) Cell surface antigen present on NB cells but not fetal neu-
roblasts 

 Monoclonal antibodies (KP-NAC2, KP-NAC8, KP-
NAC9, and KP-NAC10) against a KP-N-RT NB cell line have 
been developed and commercially purchased by Seikagaku Cor-
poration, Tokyo, Japan (http://www.seikagaku.co.jp/english/in-
dex.html). KP-NAC2 potentially binds to neuroectodermal-re-
lated antigens; KP-NAC9, Thy-1 antigens; KP-NAC10, PI 153/3 
common ALL antigens [9]. Interestingly, the specificity of KP-
NAC8 for NB cells but not fetal neuroblasts provided further 
information regarding biological differences among NB, NB in 
situ, and fetal neuroblasts [10] (Figure 2). 

 Thirty years have elapsed since the development of KP-
NAC8, and the purification methods for antibody-defined an-
tigens have revealed significant progress; however, the epitope 

recognized by the antibody remains undefined.       

Multipotency of NB cells     

Differentiation or maturation of NB cells has been assessed in 
vivo during the clinical course of NB. NB cells have been de-
rived from tumors originating from the neural crest, and neu-
ral crest cells differentiate or mature into peripheral nerve cells, 
schwannian cells, melanocytes, or smooth muscle cells (Figure. 
3) [11].                   

(1) Differentiation of NB cells into neurons   

 NB cells have been cultured in vitro with dbcAMP, 
prostaglandin E2, nerve growth factor (NGF), and retinoic acid 
(RA). A new synthetic polyprenoic acid (E5166), with similar 
properties to those of RA and lesser toxicity than synthetic RA, 
has been used previously (Eisai Co., Ltd., Tokyo, Japan; https://
www.eisai.com/index.html), and E5166-mediated neuronal dif-
ferentiation has been assessed in vitro and may help eradicate 
residual tumor cells (Figure. 4) [12,13]. Two NB cell lines (KP-N-
SIFA and KP-N-RT) have been induced to undergo neuronal dif-
ferentiation via interferon-gamma and HLA-DR and HLA-DP; 
however, HLA-DQ-mediated induction has not been reported, 
demonstrating the biological independent among HLA-DR, -DP, 
and -DQ antigens [14].                                              

Table 2  Biological and clinical subtypes of neuroblastoma (Brodeur  GM. 2003)
 

Feature
Type 1 Type 2A Type 3B

Age Usually< 1yr Usually >1yr Usually  1-5 yr
INSS Stage Usually 1, 2, 4S Usually 3, 4 Usually 3, 4

MYCN Normal Normal Amplified
DNA ploidy Hyperdiploid/ near triploid Near diploid/near tetraploid Near diploid/near tetraploid 

1p LOH Rare Uncommon Common 
17q gain Rare Common Common

TRK-A  exp. High Low or absent Low or absent
TRK-B exp. Truncated Low or absent High (full length)

5-yr survival 95% 40-50% 25%
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Table 3  Analysis of surface membrane antigens in bone marrow tumor cells and parental and cloned 
neuroblastoma cell lines

Monoclonal
antibody

Bone marrow
tumor cells

Parental cell lines
RT-BM                    RT-LN

Cloned cell lines
RT-BM1~6              RT-LN1~12

CD24 (BA-1)
CD9  (BA-2)
CD10 (J-5)
HLA-DR

CD56 (UJ-13A)           
UJ-127-11

anti-Thy-1 (KP-NAC9)
HSAN1.2

Pl 153/3 (KP-NAC10)

KP-NAC8 Not  tested

 Positive                    Negative    Under line= Key antibody
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Figure.1 Establishment of the KP-N-RT NB cell line. KP-N-
RTBM cells were derived from the bone marrow; KP-N-
RTLN cells, lymph nodes. 

Figure. 2 Cell surface membrane antigen on neuroblastoma (NB) 
cells, but not on fetal neuroblasts, on using the monoclonal an-
tibody KP-NAC8. 

Figure. 3 Derivatives of the neural crest in the trunk.  

Figure. 4 Neuronal Differentiation of KP-N-RT NB cells in-
duced with synthetic polyprenoic acid (E5166).
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(2) Differentiation of NB cells into schwannian cells

 Differentiation of NB cells into schwannian cells is 
based on pathological evidence that S100-rich tumors of NB 
patients have a better prognosis. Upon treatment with bro-
modeoxyuridine (BrdU), flat epithelial cells increased and 
2’,3’-cyclinc nuclotide-3’-phosphodiesterase activity was sig-
nificantly elevated, indicating schwannian differentiation 
upon BrdU treatment [15].                                                                  

 N-myc downregulation and c-src upregulation have 
been reported during neuronal differentiation with E5166, 
while these proteins were markedly downregulated during 
schwannian differentiation upon BrdU treatment, indicating 
that N-myc and c-src expression is regulated independently 
during bipolar differentiation of NB cells [16]. Schwannian 
cells are considered to be derived from NB probably upon 
BrdU treatment in vitro or the conversion of vascular endo-
thelial cells to schwannian cells in tumor tissues. This origin 
warrants further evaluation.  

(3) Differentiation of NB into smooth muscle cells

 Differentiation of neural crest cells into ectomesen-
chymal cells has been extensively studied using the chimeric 
quail-chick embryo model. The cephalic neural crest gave rise 
to bone and cartilage of the head and facial region and connec-
tive tissues including smooth muscle tissue of the wall of large 
arteries derived from branchial arches.   

 In some NB cell lines, neuronal (N)-cells, and sub-
strate-adhesive (S)-cells showing epithelial-like characteristics 
were observed during the cell culture period (Figure. 5). In 
S-cells, alpha-smooth muscle actin and/or desmin (intermedi-

ate filaments in smooth muscle cells) were expressed [17-19]. 
Furthermore, six NB cell lines, MP-N-MS, KP-N-YS, KP-N-
SI9s, KP-N-YN1s, KCN11s, and KP-N-YS2s, expressed smooth 
muscle-specific cytoskeletal proteins including alpha-smooth 
muscle actin and basic-calponin (Figure 6). Consequently, only 
one NB cell line, MP-N-MS, derived from a patient MS, ex-
pressed basic-calponin, SM1, and SM2 isoforms (Figure. 6-7 
in MP-N-MS). MP-N-MS is an NB cell line with SM1 and SM2 
isoforms at protein and mRNA levels (Figure. 8). These results 
indicate that MP-N-MS has the most mature smooth-muscle 
phenotype among the S-cell NB cell lines. Thus, our observa-
tions first indicated the potential differentiation pathway of NB 
into smooth muscle cells in the human system.

Figure. 6 Cytoskeletal proteins of S-cells in NB cell lines (West-
ern blot).

Figure. 7 Cytoskeletal proteins in the MP-N-MS NB cell line.
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Figure. 5  N- and S-cells in NB cell lines. During culturing, both 
spindle-shaped neurons and flat substrate-adhesive (S) cells were 
observed. 
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MYCN oncogene amplification (MNA) and tumorigenesis

 MYCN (N-myc), a cellular oncogene homologous to 
the c-myc oncogene, was identified in NB cell lines and ad-
vanced NB tumor tissues [20]. Previous studies have reported 
that MNA in primary NB tumors is highly correlated with rapid 
disease progression and poor prognosis. MYCN oncogene has 
been considered in the stratification curve for therapies and is 
the first and most well-known oncogene [21]. MNA, associated 
with tumor growth and cell division, has been reported in 4% 
of cases of stage 1 and 2 disease (with early-stage), 8% of cases 
of stage 4S disease (less than one year age with liver, skin, and 
bone marrow metastases), and 30% of cases of stage 3 and 4 
disease. 

(1) Correlation between increased MNA and tumorigenesis 
in parental and subcloned NB cell  lines     

 The RT-BM-1 cell line cloned from the KP-N-RT pa-
rental cell line displayed spindle-like morphology with neu-
ral processes and contained 50 copies of MNA, as revealed 
through Northern blot analysis, whereas the RT-BMV-C6 
subline had a flat morphology and harbored more copies of 
MNA (100 copies), originating from KP-N-RT cells [22] (Fig-
ure. 9). The RT-BM-1 subline and parental clone RT-BMV-C6 
were inoculated at the right or left flank areas of five nude 
mice. No tumor growth was observed in the RT-BM-1 paren-
tal cell line inoculated in the right flank; however, inocula-
tion of all RT-BMV-C6 sublines resulted in tumor growth in 
the left flank. Thus, our previous study shows the association 
between MNA and tumorigenesis in mice in vivo (Figure.10) 
[22].

(2) Determination of serum MYCN DNA levels  

 MNA is the most important indicator of a poor prog-
nosis on NB based on tumor-associated genes. MNA was pre-
viously determined via Southern blotting (required duration, 
7 d), fluorescence in situ hybridization (for 2-3 days), and re-
al-time PCR analysis, for a shorter duration (4 h) and for accu-
racy. We previously developed a method for determining MNA 
using cell-free DNA fragment released from NB cells into the 
blood of patients (Figure. 11). 

Figure. 8 Myosin heavy chain in NB cell lines.

Figure. 9 Subline RT-BM-1 and clone KT-BMV-C6 derived 
from the KP-N-RT NB cell line.

Figure. 10 Inoculation of the RT-BMV-C6 (left flank) subline 
and the RT-BM-1 (right flank) parental cell line originating 
from the KP-N-RT NB cell line.
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 Using DNA-based real-time quantitative PCR, we si-
multaneously quantified MYCN (2q24) and a reference gene, 
NAGK (2p12) and evaluated the copy number of MYCN as an 
MYCY/NAGK (M/N) ratio for 87 NB patients, whose MYCN sta-
tus was determined via Southern blotting [23]. In addition, the 
stability of serum DNA-based MYCN as an M/N ratio was ex-
amined using cell supernatant fluid from our NB cell lines (KP-
N-TK and KP-N-RT), and we found that they were stable at 25, 
4, -30, and -80°C for 7 d or freeze-thaw cycles (Figure. 12). Of 
these patients, MNA was reported in 17 and not reported in 70 
patients. The serum M/N ratio in the MNA group was signifi-
cantly greater than that in the non-MNA group. The sensitivity 
and specificity of the serum M/N ratio as a diagnostic parame-
ter were 100% when the serum M/N ratio cutoff was set at 10.0 
(Figure. 13). Determination of the serum M/N ratio is hence a 
seemingly promising method for accurately assessing the MYCN 
status in NB [23]; furthermore, it serves as a surrogate biomarker 
for NB based on serum MNA [24].     

(3) MYCN DNA levels in the primary tumor, NB cell line, 
and serum in NB patients 

 MYCN DNA levels, expressed as M/N ratios, in the 
primary tumor and patient serum at diagnosis were very simi-
lar (347 and 319, respectively). The M/N ratio in the KP-N-TK 
cell line at passage 70 (931) was 2.7-fold that of the primary tu-
mor (347), indicating the selection of an MYCN-amplified clone 
during culturing. In patient TK, the serum MYNC level was 319 
at diagnosis in March 1992, which decreased to 0.6 on Septem-
ber 1993 after 5 months of chemotherapy, and has consistently 
remained low for the last 18 years (Figure. 14) [1]. Serum levels 
of MYCN DNA in patient TK (which decreased to 0.6) conse-
quently indicated the eradication of residual NB cells and the 
chemosensitivity of TK tumor cells owing to chemotherapy with 
PBSCT. Thus, this is the first report of long-term (18-year) accu-
rate monitoring of the serum M/N ratio in MYCN DNA levels.  

Neurotrophin, TRK family receptors, and CNTF in NB cell 
lines

 Neurotrophins, including NGF, brain-derived neuro-
trophic factor (BDNF), neurotrophin (NT)-3, and NT-4/5 play 
important roles in the development of the peripheral and cen-
tral nervous systems. These neurotrophins have several func-
tions in cell survival, differentiation, and proliferation, apop-
tosis, and guidance of the outgrowth of neuronal processes. 
Neurotrophin function is mediated by the TRK receptor fami-
ly (TRK-A, TRK-B, and TRK-C) (Figure 15). TRK-A upregu-
lation in NB tumors is correlated with a favorable prognosis 
[25]; TRK-B upregulation, poor prognosis [26]. Therefore, the 
rare MP-N-TS cell lines, constitutively expressing both TRK-A 
and TRK-B receptors, have been utilized (Figure 16) [27]

Figure. 11 Serum MYCN DNA predominantly originating from 
neuroblastoma-released DNA.

Figure. 12 Stability of culture supernatant fluids in MYCN-am-
plified NB.

Figure. 13 The serum MYCN/NAGK ratio in the MYCN-ampli-
fied group was significantly higher than that in the non-ampli-
fied groups. 
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(1) TRK-A receptor in NB cell lines    

    We recently analyzed TRK-A expression in 14 of our 
NB cell lines. TRK-A was expressed in eight (57%) of these 
NB cell lines, as revealed through Northern blotting (Figure. 
16) and in 11 (65%) of 17 NB cell lines, as revealed through 
RT-PCR analysis, indicating an unexpected upregulation of 
TRK-A [27, 28]. Furthermore, tyrosine phosphorylation of the 
TRK-A receptor (Figure. 17), Shc, ERK-1, ERK-2, and PLC-r1 
proteins via NGF and expression of c-fos, an immediate-early 
gene, was induced in the MP-N-TS cell line [27]. However, in 
NB cell lines, tyrosine phosphorylation of TRK-A receptors, 
Shc, ERK-1, ERK-2, or PLC-r1 via NGF was blocked in vari-
ous stages during signal transduction (data not shown). 

(2) TRK-B receptor in NB cell lines

    TRK-B is the receptor of BDNF and NT-4/5 neuro-
trophins, and TRK-B expression is associated with a poor 
prognosis in NB tumors [26]. Therefore, TRK-B signal trans-
duction and the effect of BDNF and NT-4/5 neurotrophins on 
proliferation in NB cells has been investigated (Figure. 18). 
Both TRK-A and TRK-B receptors are rarely co-expressed in 
an NB cell line, and only 3 of our 14 NB cell lines display dural 
expression patterns (Figure.16). 

  Treatment with NGF, BDNF, and NT-4/5 potentially 
induces morphological differentiation. The TRK-A receptor was 
phosphorylated by NGF at its tyrosine residue, whereas TRK-B 
receptor was phosphorylated by BDNF and NT-4/5 on its tyro-
sine residue (Figure. 17). With these four neurotrophins, signal 
transduction via phosphorylated Shc, ERK-1, and ERK-2, was 
activated through PLC-r1, and finally c-fos, an immediate-ear-
ly gene was induced. Morphological differentiation of neurite 
outgrowth was induced by neurotrophins. NGF did not have a 
significant effect on cell proliferation, whereas BDNF and NT-
4/5 increased the numbers of viable cells (Figure. 18) [27]. This 
MP-N-TS cell line was useful to elucidate the diverse TRK family 
receptor-mediated signaling pathways, including neuronal dif-
ferentiation, proliferation, survival, and apoptosis in NB cells 
[27].         

Figure. 14 MYCN DNA levels in tumors of patient TK, the KP-
N-TK cell line, and patient serum before and after chemothera-
py, as determined via quantitative PCR analysis. 

Figure. 15 Association between tyrosine kinase family receptors 
with ligands.

Figure. 16 TRK-A and TRK-B expression in a panel of 14 NB 
cell lines.
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 (3) CNTF expression in NB cell lines 

 CNTF is not a member of the TRK family but rath-
er the interleukin-6 (IL-6) cytokine family and influences the 
survival and differentiation of neurons. Therefore, the effect 
of CNTF on NB cells was examined (Figure. 19). For signal 
transduction, CNTF requires a receptor complex, compris-
ing the IL-6 signal transducing molecule gp130, leukemia in-
hibitory factor receptor-beta, and CNTFR-alpha. Two major 
independent pathways (the Jak-STAT pathway and the Ras-
MAPK pathway) are involved in cell signaling. The signal of 
the IL-6 family is primarily transduced to the Jak-STAT path-
way through gp130; however, this has not been assessed in NB 
cell lines. We examined the signaling pathway of CNTF in 11 
NB cell lines. Northern blot analysis revealed that three of the 
11 cell lines (KP-N-HN, MP-N-TS, and KP-N-NY) expressed 
c-fos mRNA after CNTF stimulation (Figure. 19). Tyrosine 

phosphorylation of gp130, Jak1, and STAT3 was observed after 
CNTF stimulation in these three cell lines (Figure. 20). Fur-
thermore, tyrosine phosphorylation of ERK1 was observed in 
these cell lines.                           

 These results provide the initial evidence that CNTF 
signaling is conserved in some of the NB cell lines, suggesting 
that not only the Jak-STAT pathway but also the MAPK path-
way are activated by CNTF through gp130 in NB cell lines [29].  

Figure. 17 Time-course of tyrosine phosphorylation of panTRK 
and TRK-B receptor proteins with nerve growth factor and 
bone-derived neurotrophic factor in MP-N-TS NB cells.

Figure. 18 Effect of nerve growth factor, bone-derived neuro-
trophic factor, and neurotrophin-4/5 on cell viability in MP-N-
TS NB cells.  

Figure. 19 Induction of c-fos expression by ciliary neurotrophic 
factor in 11 NB cell lines.

Figure. 20 Tyrosine phosphorylation of gp130 Jak1 and STAT3 in 
KP-N-HN, MP-N-TS, and KP-N-NY NB cells.
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Differences in drug sensitivity in two NB cell lines established 
from the same patient before and after chemotherapy

 The establishment of two NB cell lines from the same 
patient before (KP-N-AY) and after chemotherapy (KP-N-AYR) 
is quite rare. KP-N-AY was established from bone-marrow me-
tastases of a 2 y-6-mo-old patient with stage 4 NB in October 
1984; KP-N-AYR, December 1985.  
                                                 
 Chemotherapeutic resistance is a major impediment 
for treating advanced NB. Compared with the KP-N-AY cell 
line, the KP-N-AYR line had decreased N-myc amplification but 
increased N-myc expression. A clonogenic assay for in vitro sen-
sitivity revealed that the KP-N-AYR cell line is 3.0-fold resistant 
to adriamycin and 2.7-fold resistant to cis-platinum compared 
to the KP-N-AY cell line. These findings suggest that the devel-
opment of clinical chemotherapeutic resistance is potentially as-
sociated with enhanced glutathione-S-transferase-pi activity but 
not with MDR1 gene expression [30]. 

 However, a gene mapped to chromosome 10q23, PTEN/
MMAC1, was identified as a tumor suppressor gene inhibiting 
cell survival and cell proliferation. Thus, functional inactivation 
of the PTEN/MMAC1 mutation was observed in the KP-N-AYR 
cell line, but not in the KP-N-AY cell line, thus probably resulting 
in tumor recurrence in the patient from these two cell lines [31].  
                                           

NB and apoptosis

 NB at stage 4S is limited to infants aged less than 1 
year and is a localized primary tumor (as in stage 1, 2A, or 2B) 
with metastasis limited to the skin, liver, and/or bone marrow. 
Stage 4S is characterized by distant metastasis; however, spon-
taneous regression with a favorable prognosis has been clini-
cally observed in the early 1970s. In addition, recent advance-
ments in studies on the cellular and molecular characteristics 
of these cells revealed that NB cells have a similar morphology; 
however, they comprise heterogeneous cell groups. The mecha-
nism underlying spontaneous regression is uncertain; however, 
cell differentiation and cellular apoptosis are considered to be 
related. Prognosis of advanced NB is still poor, and novel ther-
apeutic trials such as molecular targeted therapies are urgently 
required; therefore, the association between “NB and apopto-
sis” is discussed herein.  

(1) Fenretinide induces apoptosis in NB cell lines   

 We first studied fenretinide (FR)-induced apoptosis in 
KP-N-TK NB cells. After 48 h of incubation with FR, up to 70% 
of cells were TUNEL-positive and cleaved caspase-9, caspase-3, 
and PARP was observed at 24 h, indicating the induction of 
apoptosis (Figure. 21AB). Intracellular reactive oxygen species 
(ROS) were generated upon 5–25 h of treatment with FR, and 
both JNK and p38 MAPK were activated in KP-N-TK cells (Fig-
ure. 22AB).   

 In the presence of antioxidant L-ascorbic acid (AA), 
TUNEL-positive cells were almost completely inhibited, and 
FR-induced cleaved caspase-9, caspase-3, and PARP were sup-
pressed (Figure. 23AB). Furthermore, preincubation of AA sup-
pressed FR-induced intracellular ROS accumulation in KP-N-
TK cells, and activation of JNK and p38 MAPR was remarkably 
suppressed (Figure.  24AB).

 FR-induced intracellular accumulation of ROS and ac-
tivation of JNK and p38 MAPK decreased in FR-resistant KP-N-
TK cell lines (data not shown).

 Thus, our study was the first to report that FR induces 
sustained activation of JNK and p38 MAPK in a ROS-depen-
dent manner in FR-sensitive NB cells (Figure. 25), but not in 
FR-resistant NB cells. Furthermore, our study was the first to 
show that the suppression of intracellular ROS production and 
the downstream JNK/p38 MAPK pathways are associated with 
FR resistance in NB cells [32]. At present, a phase I clinical trial 
to eradicate residual tumor cells in refractory NB patients is ex-
pected to assess this FR-induced therapy and hopefully cure this 
difficult-to-treat disease.        

Figure. 21 Fenretinide-induced apoptosis in KP-N-TK NB cells 
and the appearance of cleaved caspase-9, caspase-3, and PARP.
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(2)  Induction of apoptosis by an EGFR inhibitor in NB cell 
lines 

 Recently, some molecular-targeted anticancer drugs, 
which specifically inhibit protein tyrosine kinase receptors, 
have been developed and used clinically; gefitinib is the first 
antitumor agent used for non-small cell lung cancer and NB in 
vitro. 

 EGFR immunoreactivity was positive and confirmed 
via Western blotting analysis of 10 NB tissues and KP-N-TK 
and KP-N-SIFA cell lines. Gefitinib inhibited EGFR phosphor-
ylation and cell growth inhibition in vitro (IC50 approximately 
1.2 µM) (Figure. 26AB). A high gefitinib concentration [20–30] 
µM induced apoptosis in TUNEL-positive cells, and gefitinib 
induced caspase-3 and caspase-7 cleavage in KP-N-TK NB 
cells (Figure. 27AB) [33].

 This was the first study to report that EGFR protein is 
expressed on the cell surface in NB tissue and NB cell lines and 
that molecular-targeted therapies may effective for NB. Our re-
sults indicate the feasibility of targeting EGFR as a novel treat-
ment strategy for NB.

Figure. 22 Fenretinide-induced apoptosis, intracellular accumu-
lation of reactive oxygen species, and activation of JNK and p38 
MAPK in KP-N-TK NB cells. 

Figure. 23 Fenretinide-induced processing of caspase-9, 
caspase-3, and PARP was suppressed in the presence of antioxi-
dant L-ascorbic acid.

Figure. 24 Preincubation of KP-N-TK cells treated with ascorbic 
acid and fenretinide to suppress the accumulation of intracel-
lular reactive oxygen species and suppression of JNK and p38 
MAPR.

Figure. 25 Fenretinide-induced production of reactive oxygen 
species, JNK signaling, p38 MAPK signaling, and apoptosis in 
NB cells. 
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Figure. 26 Inhibition of EGFR phosphorylation and inhibition 
of cell growth by gefitinib in KP-N-TK NB cells.

Figure. 27 Induction of apoptosis by gefitinib in KP-N-TK NB 
cells. 

Conclusion

 We had received frozen vials in Buffalo, NY, USA, and 
we established our cell bank in June 1982, in Kyoto, Japan, pri-
marily to transfer our reference cell bank to generate monoclo-
nal antibodies specific for NB cells. Tissues for sectioning were 
rapidly frozen in OCT compound and stored at -80°C in our 
deep freezer. Serum samples before and after the diagnosis of 
NB have been stored at -80°C in our deep freezer since August 
1984. These frozen samples have been stored for basic and clin-
ical in vitro and in vivo studies.     

 Regarding the cell bank, we established 16 cell lines 
from 12 NB patients, and have studied and characterized as 
though human NB tumors have been used ad-lib. Regarding 
the serum bank, simple, non-invasive, and accurate monitor-
ing of serum MYCN DNA levels is warranted. In our second 
review, “Cellular and molecular characteristics of established 
childhood soft-tissue-sarcomas cell lines” will be discussed. 
These established cell lines are expected to provide novel in-
sights into tumor biology.
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Disclaimer

* The Japanese review entitled “Contribution of our established-
pediatric malignant cell lines to clinical and basic medical sci-
ence” was published in Journal of Kyoto Prefectural University 
of Medicine, 117 ([3)], 135–-165, 2008 in Japanese, which was to 
totally completely revised, and divided into two English reviews.      
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