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ARTICLE INFO ABSTRACT

Although more than 110 neuroblastoma (NB) cell lines have been established, there have been neither
reports on the rate of success to establish NB cell lines, nor well-documented NB cell lines from long-
term-survivors. We attempted to establish NB cell lines from 114 patients. Sixteen NB cell lines were
established from 12 patients. The success rates to establish cell lines were 1.4% (1/70) from patients in
early stages, 25.0% (11/44) from those in advanced stages, and 10.5% (12/114) from those in all stages
respectively. Eleven of these 12 patients eventually died. The surviving patient, who was in stage 4 with
MYCN-amplification, has been event-free for 19 years after completing therapy. The serum MYCN DNA
level in patient TK was very high before therapy, decreased after chemotherapy, and has remained at
the normal levels until now. The gene expression profiling of the primary tumor and the K-N-TK cell line
was analyzed with an NB-specific cDNA microarray, and indicated that the probability of 5-year survival
was extremely low. Microarray-based comparative genomic hybridization (CGH) analysis indicated that
genomic aberration profiles of the cell line were uncommon, with MYCN amplification, 17q gain and 11q
loss. A unique KP-N-TK cell line, established from an event-free survivor, will be a useful tool for inves-
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tigating how a patient can survive a tumor with an extremely poor prognosis.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Neuroblastoma (NB) is a common type of malignant solid tumor
in childhood, arising from neural crest precursors. The first NB cell
lines, NB-1 and SK-N-SH, were established in 1973 [1,2]. Since
then, more than 110 NB cell lines have been reported [3]. Most
NB cell lines were generated from tumor samples obtained from
patients with an advanced stage of neoplastic disease.

NB cells to grow progressively in a tissue culture flask enable us
to establish a permanent cell line, and the inverse correlation with
the survival rate of patients, from whom the NB cell lines were de-
rived, was reported [3,4].

This study was undertaken to estimate the success rate to
establish NB cell lines from 114 patients with early or advanced
stages, to know the patient’s outcomes whose cell lines were gen-
erated. For the KP-N-TK cell line, established from a long-term sur-
vivor of patient TK, we assayed MYCN DNA levels of primary tumor

* Corresponding author at: Saiseikai Shiga Hospital, Saiseikai Imperial Gift
Foundation Inc., Ritto, Shiga 520-3046, Japan.
E-mail address: tosugimo@koto.kpu-m.ac.jp (T. Sugimoto).

0304-3835/$ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016fj.canlet.2012.12.011

cells, the cell line and serum levels before and after therapy to
monitor the residual tumor cells during the patient’s clinical
course. Finally, microarray analyses of both gene expression pro-
files and genomic DNA aberrations in primary tumor cells of pa-
tient TK and/or the KP-N-TK cell line were analyzed to see if they
could explain patient TK’s long-term survival.

2. Materials and methods
2.1. Patients from whom we attempted to establish NB cell lines

The patients at the Hospital of Kyoto Prefectural University of Medicine, Univer-
sity of Miyazaki, and the affiliated hospitals in Japan, were enrolled in this study
with the informed consent of their parents. The study was conducted under re-
search protocols approved by the institutional review boards. From 1983 to 2005
we attempted to establish NB cell lines from 114 patients (37 patients with stage
1 NB, 26 stage 2, 9 stage 3, 35 stage 4, and 7 stage 4S). NB was detected in 67 of
these patients by the Japanese Mass Screening System (Table 1).

2.2. Clinical outcome of 114 patients and clinical history of patient TK
Five-year overall-survivals (OSs) were high in the early stages (100% in stage 1,

96.1% in stage 2 and 85.7% in stage 4S respectively) and low in advanced stages
(55.5% in stage 3 and 25.7% in stage 4 respectively) (Table 1). Among the 114
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attempts to establish an NB cell line, only one was successful. The source of the cell
line was a long-term survivor of NB, a Japanese male referred to as patient TK. In
February 1992, at age 13 months, he presented with anemia and right-exophthal-
mos. Clinical examination revealed a left upper abdominal mass, and magnetic res-
onance imaging showed a primary abdominal tumor arising from the left adrenal
gland and a right orbital bone metastasis. Morphological and surface membrane
analysis {5] of bone marrow aspirates revealed that most (80%) of the normal hema-
topoietic progenitor cells had been replaced by tumor. The right orbital bone and
bone marrow metastases led to NB with stage 4. High levels of the catecholamine
metabolites, vanillylmandelic acid (VMA) and homovanillic acid (HVA), were iden-
tified in the patient’s urine.

Biopsy of the primary tumor prior to chemotherapy showed small-to medium-
sized round tumor cells with poor stromal development and a high mitosis-karyor-
rhexis index (MKI) (437/5000) (Fig. 1). The tumor was diagnosed as an unfavorable
type of NB (Schwannian stroma-poor, undifferentiated subtype with high MKI)
according to the International NB Pathology Classification |6].

The patient was treated with six courses of chemotherapy consisting of a com-
bination of cyclophosphamide, etoposide, doxorubicin and cisplatinum, followed by
a delayed-primary operation. Complete remission of primary and metastatic lesions
was confirmed by magnetic resonance imaging, MIBG scintigraphy, bone marrow
aspiration and urinary VMA and HVA levels. He was then given megatherapy with
peripheral blood stem cell transplantation (PBSCT) [7.8]. Treatment was terminated
in April 1993, and the patient has been event-free for 19 years after completing
therapy.

2.3. Cell culture to establish NB cell lines

Tumor samples from the 114 patients (Table 1) for cell culture were obtained
from biopsy, operation or autopsy and finely minced with scalpels and cultured.
For patient TK, prior to chemotherapy, primary tumor cells but not bone marrow
tumor cells were obtained by biopsy in March 1992 and cultured. Mononuclear cell
fractions of cells from bone marrow metastatic samples were prepared by Ficoli-
Hypaque centrifugation. Cells were cultured in RPMI 1640 medium containing pen-
icillin (100 U/ml), streptomycin (100 pg/ml) and 15% heated-inactivated fetal calf
serum at 37 °C in 5% CO, in air. The medium was exchanged every 3-4 days [5]. Cell
lines were considered to be established when they have been maintained for more
than 60 passages over a 2-year period.

2.4. Identification of KP-N-TK cell line from patient TK

A Cell ID System (Promega, Madison, WI) based on short tandem repeats (STR)
was used to compare KP-N-TK cells with WBC and cells from the primary tumor of
patient TK {9]. Genomic DNA was used for PCR analyses. The tool of online verifica-
tion of cell line is available from DSMZ Online STR Analysis (http://www.dsmz.de/
services/services-human-and-animal-cell-lines/online-str-analysis.html). The iden-
tity of two cell lines (A and B) is expressed as an evaluation value (EV) calculated as
EV = {(Number of coincident peaks of STR profiles between A and B} x 2/{Total num-
ber of peaks of STR profiles in A and B}. EV values greater than 0.9 indicate that the
two cell types are derived from the same origin.

2.5. Assay of tumor and serum MNA by real-time quantitative PCR

MYCN amplification (MNA) in the original tumor sample and KP-N-TK cell line
was determined by our developed real-time quantitative PCR [10] instead of the
conventional Southern blot analysis [11,12]. DNA was prepared from tumor tissue,
cell line and stored serum (200 pL). The MYCN (2p24) copy number of a sample of
DNA was determined by the ratio of the MYCN dosage to the N-acetylglucosamine
kinase gene (NAGK) (2p12) dosage (M/N ratio). This method has several advantages
over FISH and Southern blotting methods, including short turnaround time (4 h),
much less effort, well-correlated M/N ratio between tumor DNA and serum DNA,
and more highly accurate detection of MNA gene status. Another clinical benefit
of the serum M/N assay is that the M/N ratio can be used as a tumor marker [10}].

Table 1

Fig. 1. Histological appearance of the primary tumor of patient TK on biopsy.
Schwannian stroma-poor, undifferentiated medium to large size tumor cells were
seen. The mitosis-karyorrhexis index (MKI), indicated by arrows, was very high
(437/5,000). Scale bar: 20 pum.

2.6. Gene expression profiling of the tumor by the NB-proper cDNA microarray

We previously constructed an NB diagnosis mini-chip which harbors the 200
top-ranked prognosis-related genes and developed a computational algorithm for
prognosis prediction by using the 50 gene profiles in the tumor (Table 1S).

The survival probability of each patient at 5 years after diagnosis was calculated
by the computational algorithm as a posterior value (ranging from 0 to 1) [13,14].

2.7. Microarray-based comparative genomic hybridization of KP-N-TK cell line

DNA copy number alterations in the tumor were determined with an array-based
CGH using a DNA chip carrying 2464 BAC clones (Agilent Technology, Santa Clara, CA)
as previously reported [14,15]. The KP-N-TK cell line (60 passages, January 1995) was
used for this assay because the amount of primary tumor cells was insufficient.

3. Results
3.1. Establishment of NB cell lines

NB cell lines were identified as NBs from the clinical features of
the patients, surface-membrane analysis with a panel of nine
monoclonal antibodies [5], and by a cytoskeletal protein analysis
with anti-neurofilament antibody [16,17], as previously reported.

From 114 patients with NB, 16 NB cell lines, derived from 12 pa-
tients, were established.

The success rate of establishing cell lines was 0% (0/37 patients)
in stage 1, 0% (0/26) in stage 2, 11.1% (1/9) in stage 3, 28.6% (10/35)

Effect of NB stage on the 5-year over-all survival, success rate of establishing NB cell lines from 114 patients.

Stage Primary culture

Survival pt*/total pt (5-year OS® %)

Establishment of cell line

Success rate (%)

Survival pt/pt established cell line (5-year OS %)

Stage 1 37/37 (100)
Stage 2 2526 (96.1)
Stage 3 5/9 (55.5)
Stage 4 9/35 (25.7)
Stage 4S 6/7 (85.7)
Total 82/114(71.9)

0/37 (0) 0/0 (0)
0/26 (0) 0/0 (0)
1/9 (11.1) 0/1 (0)
10/35 (28.6) 1/10 (10)
1/7 (14.3) 0/1 (0)
12/114 (10.5) 1112 (8.3)

The success rate of establishing cell lines from early (1, 2 and 4S) stage was 1.4% (1patient/70 patients), and from advanced (3 and 4) stage was 25.0% (11/44).

2 Patient.
b Qverall-survival.

—159—



T. Sugimoto et al. /Cancer Letters 331 (2013) 115-121 117

in stage 4, 14.3% (1/7) in stage 4S and 10.5% (12/114) in all stages,
respectively (Table 1). Five-year OS rate {%) among 12 patients,
from whose cell lines were established, was 0% (0/1 patient) in
stage 3, 10% (1/10) in stage 4, 0% (0/1) in stage 4S and 8.3% (1/
12) in all stages (Table 1).

Table 2 lists the characteristics of 16 NB cell lines from 12 pa-
tients in our laboratories. Ten of the samples (62.5%) used to estab-
lish these cell lines were collected before any therapy, four samples
(25.0%) were collected during chemotherapy, and two samples
(12.5%) were collected at autopsy. Eleven cell lines were from
NBs with MNA and 5 from NBs without MNA. Of these 12 patients,
11 patients eventually died and only one patient (patient No. 12)
survived (Table 2) [5,11,12,17-28].

3.2. Establishment of the KP-N-TK NB cell line

Minced tumor cells obtained from a biopsy in March 1992
(before therapy) grew in the form of adherent cells. The cells

Table 2
Characteristics of 16 NB cell lines established from 12 patients by our laboratories.

were spindle-shaped or focally aggregated with neurite
processes, and were maintained for more than 60 passages.
The cell line, designated as KP-N-TK, was established in January
1995.

3.3. Confirmation that the KP-N-TK ell line was derived from patient
TK

STR analysis of primary TK tumor and the KP-N-TK cell line was
identical. STR analysis yielded an EV between both primary TK tu-
mor (sampled March 1992) and the KP-N-TK cell line (July 1999),
and WBC (November 2009) from patient TK of 0.966, indicating
that the three cell types had the same origin. STR analysis of the
primary TK tumor and the KP-N-TK cell line revealed a loss of het-
erozygosity (LOH) at D16S539 (16q24-qter) and Amelogenin X
(Xp22.1-22.3, Y) (Table 3). The LOH results were in agreement
with those of CGH described below, revealing whole losses of
16q and X (data not shown).

Cell line Patient number®  Age Primary  Stage  Metastasis Sample Therapy MYCN Outcome  Refs.

y m® tumor amplification®
KP-N-RT-BM 01 ly2m Adrgl 4 BM°, Bone BM Before 50 Dead [5.12,17-19]
KP-N-RT-LN 01 1y2m Adrgl 4 BM, Bone, LN LN Before 50 Dead [5.11.20,21]
KP-N-RT-BMV 01 ty2m Adrgl 4 BM, Bone BM Before 100 Dead [12]
KP-N-SILA 02 5y Adr gl 4S LN, Bone LN Autopsy® 1 Dead [16,17,22}
KP-N-SIFA 02 5y Adr gl 4s LN, Bone Bone Autopsy 1 Dead [17-19,23,24]
KP-N-YN 03 2y Adr gl 3 LN Delayed primary’  During’ 100 Dead {16,17]
KP-N-AY 04 2y6m  Adrgl 4 LN, BM BM Before 50 Dead [25]
KP-N-AYR 04 2y6m Adrgl 4 LN, BM BM During 50 Dead [25]
MP-N-MS 05 1ly6m Adrgl 4 BM BM Before 50 Dead [17]
KP-N-YS 06 4y Adr gl 4 BM BM Before 10 Dead [17}
MP-N-TS 07 2y8m Adrgl 4 Bone, Gingiva Primary Before 1 Dead 126-28]
KP-N-HN 08 4y Adr gl 4 BM BM During 1 Dead 126}
KP-N-NY 09 S5y Adr gl 4 BM Delayed primary During 1 Dead [26]
KP-N-SK 10 2y2m Adrgl 4 Bone, BM BM Before 45 Dead Unpublished
KP-N-YuNo 11 1y5m Retro' 4 LN Primary Before 10 Dead Unpublished
KP-N-TK 12 lylm Adrgl 4 BM, Bone Primary Before 20 Alive 123,24]

Sixteen NB cell lines were established from 12 patients. KP-N-TK cell line is the only cell line whose patient had a long-term {19-year) event-free survival.
4 Patient number: A same number indicates the established ceil line from the same patient.

by m: year month.

¢ MYCN amplicication: MYCN copy number by Southern blot.
9 Adr gland: adrenal gland.

€ BM: bone marrow.

! Before: Sample obtained before any therapy.

¢ LN: lymph node.

" Autopsy: Sample obtained at autopsy on tumor death.
! Delayed primary: delayed primary tumor.

J During: Sample obtained during therapy.

¥ Primary: primary tumor.

! Retro: retroperitoneal.

Table 3
STR analysis of primary TK tumor, KP-N-TK cell line and WBC from patient TK.

STR Locus Primary TK tumor KP-N-TK cell line WBC from patient TK
Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2
TPOX 2p23-2pter 8 11 8 11 8 11
D5S818 5q23.3-32 8 12 8 12 8 12
CSF1PO 5g33.3-34 11 12 11 12 11 12
D7S820 7q11.21-22 11 - 11 - 11 -
THO1 11p15.5 7 9 7 9 7 9
VWA 12p12-pter 17 - 17 - 17 -
D13S317 13g22-g31 9 11.2 9 11.2 9 11.2
D16S539 16q24-qter 11 - 11 - 9 11
D21S11 21q11-21q21 29 - 29 - 29 -
Amelogenin X Xp22.1-223 and Y X - X - X Y

STR analysis of primary TK tumor, KP-N-TK cell line and WBC from patient TK indicated that the three cell types had the same origin.

— 160 —



118 T. Sugimoto et al./Cancer Letters 331 (2013) 115-121

0ol e
S04

Serum

MYCN NAGK Ratio
£
a8

|| 08 12 09 g8 17 18

g i L e

S @ o O 0 B E T ¢
& @\\\\(\ & & A’ RIS oF el

&GP ©
© &

Fig. 2. MYCN DNA levels of primary TK tumor, KP-N-TK cell line and serum before
and after chemotherapy by quantitative PCR.

3.4. MYCN DNA levels of primary tumor, cell line and serum

The MYCN DNA levels, expressed as M/N ratios, in the primary
tumor and serum at diagnosis were very similar (347 and 319,
respectively). The M/N ratio in KP-N-TK cells at passage 70 (931)
was 2.7 times higher level than that of the primary tumor (347),
suggesting the selection of MYCN-amplified clone during the cul-
ture period. In patient TK, the serum MYNC level was 319 at diag-
nosis in March 1992, decreased to 0.6 in September 1993 after
5 months of chemotherapy, and has consistently remained low
(below 2.2) for the last 18 years (Fig. 2).

3.5. Gene expression signatures of primary TK tumor and the KP-N-TK
cell line

The gene expression profiles of primary tumor tissue obtained in
March 1992 and KP-N-TK cells from passage 62 were determined
with a microarray spotted with the 200 top-ranked genes for clinical
use (Table 1S) {13,14]. Four of nine genes associated with a poor
prognosis were strongly expressed, and five of seven genes associ-
ated with a favorable prognosis were weakly expressed in both the
primary TK tumor and KP-N-TK cells. The unfavorable prognosis
genes were ribosomal protein genes RPL18A (Table 1S, Gene No. 2)
and RPLPO (Gene No. 24), translation initiation gene EEFIG (Gene
Nos. 3 and 22) and metabolism gene enolase 1 (Gene No. 10). The
favorable prognosis genes were neuronal differentiation genes tubu-
lin o (Gene No. 46), peripherin (Gene Nos. 38 and 50), neuromodulin
{GAP43}(Gene No. 44), and HMP19 (Gene No.42) and catecholamine
metabolism gene tyrosine hydroxylase {TH} (Gene No. 28) (Fig. 3).

With regard to the MYCN expression we have a set of expression
data obtained from 50 reference samples (41 non-MYCN amplified
and 9 MYCN-amplified) by the microarray carrying the 200 top-
ranked genes for clinical use (Fig. 3) [13]. Average log2 expression
ratios in tumors with and without MNA were 1.243 and -0.015,
respectively. In contrast, those of primary TK tumor and the KP-
N-TK cell line were 0.312 and 1.046, respectively (average value
of Gene No. 7 and Gene No. 9 in Fig. 3). The expression levels of
MYCN of the primary TK tumor and the KP-N-TK cell line were less
than those in typical MYCN-amplified tumors, and the expression

levels in the cell line were higher than those in primary tumor -

cells.

The expression level of NTRK1 (TRKA) expression (Gene No. 47)
was moderate in both samples (Fig. 3).

The posterior values of primary TK tumor and the KP-N-TK cell
line at 5 years after diagnosis were 0.003 and 0.001, respectively,
showing that the prognosis of patient TK, based on the mini-chip
algorithm, was extremely poor [13,14] .

3.6. Genomic aberration signature of KP-N-TK cell line

The array CGH analysis indicated that the KP-N-TK cell line had
multiple chromosomal aberrations (data not shown). Based on four
of these characteristics (chromosome 1 without deletion of 1p36,
chromosome 2 with MNA at 2p24, chromosome 11 with deletion
of 1123 and chromosome 17 with 17q21-qter gain), the KP-N-
TK cell line was classified as a GGP3a tumor which is an uncom-
mon feature among NB tumors [14,15].

4. Discussion

NB cell lines are some of the first and most widely used human
tumor cell lines. More than 110 established NB cell lines have been
reported in a review [3]. Our cell lines, like most other NB cell lines
[3,4], were established from patients with advanced stage diseases.
Our established cell lines have been used for many studies,
including studies of neuronal or schwannian cell differentiation
[11,12,18-21], cell surface membrane analysis by monoclonal
antibodies [5], S-type cells expressing smooth-muscle-cell pheno-
types [16,17], drug resistance [25], signal transduction of neurotro-
phic-factors [18,26,27], signal transduction on apoptosis [23,24],
and molecular biology of oncogenes including MNA {11,12,28]
(Table 2).

An accurate success rate for establishing NB cell lines from pri-
mary cell cultures by using the identical procedure like in our lab-
oratories has never been reported. Our success rate to establish cell
lines from early (1, 2 and 4S) stage was 1.4% (1/70 patients). That
is, the KP-N-SILA and KP-N-SIFA cell lines [16-19,22-24] were
established from only one patient SI with favorable stage 4S among
67 patients detected by the Japanese Mass Screening System. In
contrast, the success rates of cells from advanced (3 and 4) stage
was 25.0% (11/44 patients), which were higher than expected (Ta-
ble 1). The prognosis of patients whose NB cell lines are established
is reported to be extremely poor [3,4]. Although a few personal
communications are available, no well-documented NB cell lines
with long-term survivors have been reported. Among our 12 pa-
tients whose cell lines were established, only patient TK survived.

Recently the International Neuroblastoma Risk Group (INRG)
classification system was developed to establish a consensus ap-
proach for pretreatment risk stratification by the statistically sig-
nificant and clinically relevant factors [29]. Of those the 5-year
event-free survival (EFS) rate of patient TK by nine potential prog-
nostic factors were: 35% based on his INSS stage (stage 4), 49%
based on his age (over 365 days), 40% based on histological classi-
fication (unfavorable), 63% based on grade of NB differentiation
(undifferentiated), 37% based on high MKI, 26% based on MNA sta-
tus, 55% based on ploidy (diploid), 35% based on 114 status (aber-
ration), and 41% based on 17q gain respectively. All of these factors
except for tumor differentiation and ploidy had predicted 5-year
EFSs of less than 50%, putting patient TK in a high risk group.

MNA is strongly associated with rapid tumor progression,
which makes MNA the most powerful prognostic factor. The in-
verse relation between number of MYCN-gene copies and progres-
sion-free survival was significant among patients with stage 4 [30].

We previously reported a quantitative PCR method for measur-
ing circulatory and tumor MYCN copy number [10]. This method
has several advantages over FISH and Southern blotting methods
as described in Materials and Methods. The higher MYCN status
in primary tumor obtained by quantitative PCR (Fig. 2; M/N ra-
tio = 347) is more accurate than the MYCN status obtained by
Southern blotting (21 copies as compared with the single copy
number control tissue of human placental DNA) (data not shown)
[11,12]. It also shows a poorer prognosis for patient TK than the
MYCN status estimated by Southern blotting.
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Fig. 3. Gene expression signatures of selected 50 genes in primary TK tumor and KP-N-TK cell line for predicting NB prognosis. (a) Primary TK tumor and (b) KP-N-TK cell line
Twenty-four genes related to unfavorable prognosis (UF genes) and 26 genes related to favorable prognosis (F genes), listed in Table 1S, were analyzed. From left to right
panels, gene number (n = 50), gene ID, gene expression profile of 50 reference samples, gene expression profile of primary TK tumor or KP-N-TK cell line, and posterior value
are shown. The blue and red colors in the expression matrix show the high and low expression, respectively.

The clinical benefit of the serum M/N assay is that the M/N ratio the INRG classification as described above. The MYCN copy number
can be used as a tumor marker [10]. The prognosis of patient TK in human NB is usually consistent within a tumor, not only at dif-
was predicted to be very poor based on the cell line success and ferent tumor sites, but also at different times in clinical courses
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[31]. Therefore, serial serum levels of MYCN DNA in patient TK con-
sequently demonstrated that the eradication of residual NB cells
and the chemosensitive TK tumor cells by the chemotherapy with
PBSCT. Thus, this is the first report of long-term (18-year) monitor-
ing of the serum M/N ratio as a potent tumor maker before and
after chemotherapy (Fig. 2).

In the primary tumor of patient TK and the KP-N-TK cell line,
unfavorable prognosis genes (related to protein synthesis, and
metabolism) were strongly expressed, whereas favorable progno-
sis genes (related to neuronal differentiation and catecholamine
metabolism) were lowly expressed.

In the reference set of 50 tumors, 3 of 9 tumors with MNA and
one of 41 tumors without MNA had lower and higher expression
ratios of MYCN mRNA, respectively (Fig. 3), as compared to the pri-
mary TK tumor. The former three patients with MNA but lower
expression of MYCN mRNA died of cancer within 2 years after diag-
nosis. Our previous expression profiling of 136 NB clearly showed
that higher MYCN mRNA expression is one of the top-ranked poor
prognosis-related genes as well as MNA [13], however, we do not
have enough evidence so far, due to the small number of such
cases, to conclude that low MYCN mRNA expression, despite of
MNA, could explain long-term survivors.

The expression profiles of the TK tumor and the KP-N-TK cell
line were similar, suggesting that the cell line had maintained
the gene expression profile of the tumor. Posterior value is the
probability of survival at 5-years after diagnosis calculated from
these two gene expression profiles, predicting the possibility of
survival of patient TK was nearly 0% (Fig. 3) [13,14].

Our CGH studies indicated that the KP-N-TK cells had MNA,
11q loss and 17q gain, but not 1p loss, and were distinguished
from other NBs and were classified into uncommon subgroup
of GGP3a, among GGP tumor groups (n=77) with partial chro-
mosomal gains/losses. Among 236 samples examined, only one
death patient had GGP3a tumor, so it was difficult to define
the 5-year OS rate for this genomic group. The 5-year OS rate
of 15 patients with GGP3s tumor, with single copy of MYCN,
11q loss and 17q gain, was 59%. On the other hand, GGPla
(n=22), with MNA, 1p loss and 17q gain showed 44% of 5-year
OS rate. Since the effect of 1p loss and 11q loss in the NB survival
seems to be similar, GGP3a might be similar survival rate to
those of GGP1a or GGP3s, although the sample number in GGP3a
was very small [14,15].

The unexpected survival of patient TK might be caused by the
very unfavorable gene expression (Fig. 3) and uncommon genomic
aberration (MNA, 11q loss and 17q gain) of TK tumors and/or the
KP-N-TK cell line which distinguished them from the other major
MYCN-amplified tumors. Some specific biological and genetic char-
acteristics of TK tumor cells related to growth, metastasis, survival,
differentiation, apoptosis, chemosensitivity to anti-cancer drugs or
host immune response may have affected on the prognosis of pa-
tient TK. New generation technologies such as whole genome
SNP typing and sequencing, micro-RNA profiles and epigenetic
modifications will help to understand the mechanisms involved
in overcoming the poor prognosis of patients with MYCN amplified
tumors.
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Our neuroblastoma ¢cDNA project previously identified Src homol-
ogy 2 domain containing F (Shf) as one of the genes expressed
at high levels in favorable neuroblastoma. Shf is an adaptor pro-
tein containing four putative tyrosine phosphorylation sites and
an SH2 domain. In this study, we found that Shf interacted with
anaplastic lymphoma kinase (ALK), an oncogenic receptor tyro-
sine kinase in neuroblastoma. Real-time PCR analysis showed
that Shf mRNA is highly expressed in non-metastatic neuroblasto-
mas compared to metastatic tumor samples (P < 0.030, n = 106).
Interestingly, patients showing high ALK and low Shf mRNA
expressions showed poor prognosis, whereas low ALK and high
Shf expressions were related to better prognosis (P < 0.023,
n = 38). Overexpression of ALK and siRNA-mediated knockdown
of Shf yielded similar results, such as an increase in cellular
growth and phosphorylation of ALK, in addition to Erk1/2 and
signal transducer and activator of transcription 3 (STAT3) that are
downstream signals of the ALK-initiated phospho-transduction
pathway. Knockdown of Shf also increased the cellular mobility
and invasive capability of neuroblastoma cells. These results
suggest that Shf interacts with ALK and negatively regulates the
ALK-initiated signal transduction pathway in neuroblastoma. We
thus propose that Shf inhibits phospho-transduction signals
mediated by ALK, which is one of the major key players on
neuroblastoma development, resulting in better prognosis of the
tumor. (Cancer Sci 2013; 104: 563-572)

N euroblastoma, a solid tumor that accounts for 15% of all
pediatric cancer deaths, originates from the sympatho-
adrenal lineage derived from the neural crest. The clinical
behavior of neuroblastoma is markedly heterogeneous.!"
Tumors found in patients under 1 year of age yield favorable
prognosis frequently accompanied by spontaneous differentia-
tion and regression, whereas those found in older Patients grow
aggressively, often resulting in fatal outcomes.” Despite the
recent treatments and care that have been improved, neuroblas-
toma harboring the amplified MYCN oncogene in an advanced
stage is closely correlated to poor outcome.'?

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine
kinase, originally identified as an oncogenic fusion protein nu-
cleophosmin-ALK in anaplastic large cell lymphoma.® Such
unique oncogenic fusion of the ALK gene due to chromosomal
translocation is responsible for the activation of the ALK sig-
naling pathway in many human cancers including non-small-
cell lung cancer.®® Although the expression pattern of ALK in
tissues strongly suggests that ALK plaozs a pivotal role in normal
development of the nervous system,'®'? the molecular mecha-
nism underlying the signal transduction pathway oriented by
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ALK during neural development and carcinogenesis still
remains unclear. Several point mutations that activate the ALK
gene have been studied in both familial and sporadic cases of
neuroblastoma.”' ™" Frequency of point mutations activating
ALK in primary neuroblastoma varied between 6% and 11% in
these different studies, in which two hot spots
of point mutation, F1174 and R1275, were identified."'® The
F1174 mutation in ALK was linked to a higher degree of auto-
phosphorylation and more potent transforming capacity than the
RI275 mutant."'” A recent study using transgenic mice indi-
cated that ALK™'/7" is sufficient to facilitate neuroblastoma
development.®” In addition, ALK"//7#t and MYCN had syner-
gistic effects, as double transgenic mice developed more aggres-
sive neuroblastomas than single transgenic ones of each gene."

Shf (Src homology 2 domain containing F) was originally
identified as an adaptor protein homologous to Shb (Src
homology 2 domain protein of beta-ceils).*” As the SH2
(Src homology 2) domain® at the C-termini is highly con-
served among other SH2-containing proteins, they seem to
comprise a subfamily of adaptor proteins.*>** Although the
function of Shf is not fully understood, the SH2 domain is
responsible for binding to the platelet-derived growth factor
(PDGF)-0. receptor at tyrosine 720.% Overexpression of Shf
significantly decreases the rate of apoptosis induced by PDGF
addition, suggesting that Shf is a negative regulator of a recep-
tor-oriented signal pathway.®?

Our neuroblastoma c¢cDNA project previously identified Shf
as one of the new genes differentially expressed between
favorable and unfavorable subsets of neuroblastoma.®2® As
we sought to understand how Shf participates in tumorigenesis,
the functional relationship between Shf and several receptor
tyrosine kinases, such as TrkA and ALK, in neuroblastoma-
derived cell lines was examined. Previously, we reported
physical interaction between Shf and TrkA.®” In this work,
the regulation of the signal transduction pathway managed by
Shf and ALK was investigated in neuroblastoma.

Materials and Methods

Tumor specimens. Neuroblastoma specimens (n = 106) used
in this study were kindly provided from various institutions
and hospitals in Japan to the Chiba Cancer Center Neuroblas-
toma Tissue Bank (Chiba, Japan). Written informed consent
was obtained at each institution or hospital. This study was
approved by the Chiba Cancer Center Institutional Review
Board. Tumors were classified accordiné to the International
Neuroblastoma Staging System (INSS)®® (25 classified as

5To whom correspondence should be addressed.
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Stage 1; 13 as Stage 2; 31 as Stage 3; 33 as Stage 4; and 4 as
Stage 4s). The patients were treated following the protocols
proposed by the Japanese Infantile Neuroblastoma Cooperative
Study and the Study Group of Japan for Treatment of
Advanced Neuroblastoma.®® Clinical information including
age at diagnosis, tumor origin, Shimada histology, prognosis,
and survival months of each patient was obtained and used for
survival analysis. The median follow-up time for survivors
was 52 months (range, 3-208 months). Cytogenetic and
molecular biological analysis of all tumors was also carried
out by assessing DNA ploidy, MYCN amplification, and 7rkA
expression.

Cell culture and transfection. Human neuroblastoma cell
lines, SK-N-AS, NLF, SK-N-DZ, and SH-SY5Y were
obtained from the CHOP cell line bank (Philadelphia, PA,
USA) and maintained in RPMI-1640 (Nissui, Tokyo, Japan)
supplemented with 10% heat-inactivated FBS (Invitrogen,
Carlsbad, CA, USA), 100 IU/mL penicillin (Invitrogen), and
100 pg/mL streptomycin (Invitrogen), in a humidified atmo-
sphere of 5% CO, at 37°C. Human embryonic kidney-
derived cell line 293T cells were obtained from Riken BRC
Cell Bank (Tsukuba, Japan) and were cultured in DMEM
(Nissui) supplemented with 10% FBS, 100 IU/mL penicillin,
and 100 pg/mL streptomycin. For transient expression, cells
were transfected with the indicated expression plasmids
using FuGene HD (Roche Applied Science, Mannheim,
Germany). For knockdown of endogenous expressions, cells
were transfected with 20 nmol/L of indicated siRNAs using
Lipofectamine RNAiMax (Invitrogen) and On-Target plus
SmartPool (Thermo Fisher Scientific, Waltham, MA, USA).
The siRNAs specific to Shf (NM_138356) and ALK
(NM_004304) were purchased from Dharmacon (Lafayette,
CO, USA).

Cell viability, motility, and invasion assay. Transfected cells
were seeded into 96-well plates at 5 x 10° cellsivell. Cell
viability was measured using a Cell Counting kit-8 (Dojindo
Laboratories, Kumamoto, Japan). A BD cell culture insert
(#353097) for cell motility assay, and a BD Biocoat Matrigel
invasion chamber (#354480) for cell invasion assay were pur-
chased from Becton Dickinson (Franklin Lakes, NJ, USA).
Cells were seeded at 2.5 x 10" cells/well and incubated for
23 h in a migratory assay and 27 h in an invasion assay.
Migratory cells that penetrated pores on the membrane were
fixed with 100% methanol followed by Giemsa staining, and
were counted using a conventional light microscope.

Semiquantitative RT-PCR and real-time quantitative RT-PCR.
Total RNA was prepared from cultured cells and human tis-
sues, and reverse transcribed using random primers and Super-
Script I (Invitrogen), as described previously.®” Primer
sequences for human Shf and GAPDH mRNA were as
follows: Shf-F, 5'-tatgagccagaggaggatgg-3"; Shf-R, 5’-ggcca
aggtaggtctttgatg-3'; GAPDH-F, 5'-accacagtccatgccatcac
-3'; GAPDH-R, 5'-tccaccaccctgttgetgta-3'. Expression level of
GAPDH was used as a control. Real-time quantitative RT-
PCR was carried out using an ABI PRISM 7500 System
(PerkinElmer, Boston, MA, USA). TagMan probes for Shf
(Hs00403125_m1), ALK (Hs00608292_ml), and GAPDH
(4310884E) were purchased from Applied Biosystems (Carls-
bad, CA, USA). All reactions were carried out in triplicate
experiments. The X* independence test was used to explore
possible associations between expression levels of Shf and
other factors. Cox regression models were used to explore
associations between Shf, ALK, TrkA, ploidy, age, MYCN, and
survival. P < 0.05 was considered significant.

Antibodies. Antibodies were as follows: rabbit anti-Shf anti-
body raised against SH2 domain and Anti-HA-tag antibody
(#561; MBL, Aichi, Japan); human ALK antibodies (#M7195;
Dako, Glostrup, Denmark) (#IM3312; Beckman Coulter, Brea,
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CA, USA); anti-phospho-ALK (Tyr1604) antibody (#3341),
anti-Myc-tag antibody (#2276), anti-p44/p42 MAPK, Erkl/2
antibody (#9102), anti-phospho-p44/p42 MAPK (Thr202
/Tyr204) antibody (#9101), anti-signal transducer and activator
of transcription 3 (STAT3) antibody (#4904), and anti-phos-
pho-STAT3 (Tyr705) antibody (#4113) (Cell Signaling Tech-
nology, Danvers, MA, USA); and anti-actin antibody (#sc-
8432; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Immunoblotting. Cells were lysed in CHAPS cell extract
buffer, separated by 10% SDS-PAGE and transferred onto
PVDF membranes (Immobilon-P; Millipore, Billerica, MA,
USA). Membranes were incubated with appropriate primary
antibodies at room temperature for 2 h, then incubated with
HRP-conjugated secondary antibodies at room temperature for
1 h. Immunoreactive bands were visualized using the ECL sys-
tem (GE Healthcare, Chalfont St Giles, UK). Developed sig-
nals were analyzed using a LAS-4000 imager (GE Healthcare).

Immunoprecipitation. Transfected 293T cells lysed in
CHAPS cell extract buffer were mixed with indicated antibod-
ies and rotated for 3 h at 4°C. The immune complexes were
precipitated with Protein G (GE Healthcare) Sepharose beads
for 1 h of incubation at 4°C by rotation. Beads were then
washed with Wash buffer (50 mM PIPES, 2 mM EDTA,
150 mM NaCl, 0.1% Triton X-100); immunoprecipitated pro-
teins were eluted from beads using 100 mM glycine (pH 2.5),
boiled with SDS sample buffer, and immunoblotted.

Immunofluorescence stain. Transfected 293T cells seeded
onto cover slips were fixed with 4% formaldehyde and per-
meabilized with 0.1% Triton X-100 containing PBS. Cells
were then incubated with appropriate antibodies at room tem-
perature for 2 h then incubated with goat anti-rabbit IgG anti-
body conjugated with Alexa Fluor 488 (Molecular Probes,
Invitrogen) and goat anti-mouse IgG antibody conjugated with
Alexa Fluor 546 at room temperature for 1 h in the dark.
The cells were enclosed with Vectashield Mounting Medium
with DAPI (Vector Laboratories, Burlingame, CA, USA), and
observed under a Leica confocal microscope (Wetzlar,
Germany).

Results

High Shf mRNA expression significantly associated with better
prognosis in neuroblastoma. We have reported many candidate
genes for novel prognostic factors of neuroblastoma®~ in a
differential expression study using our cDNA collection pre-
pared from the primary samples of neuroblastoma patients.
Among them, Shf was identified as one of the possible tumor
suppressor genes in neuroblastoma. Shf, a homolog of Shb,
has a highly conserved SH2 domain in the C-termini, but lacks
a proline-rich region and phosphotyrosine-binding (PTB)
domain in the N-termini (Fig. 1a). The expression level of Shf
was closely correlated with favorable prognosis of neuroblas-
toma (Fig. 1b). To further confirm the expression profile of
Shf mRNA, 106 clinical samples were classified into two
groups in regard to INSS stages (Fig. 1c). The expression level
of Shf was higher in a non-metastatic group (INSS 1, 2, and 3)
than in metastatic one (INSS 4 and 4s); the classification with
favorable (INSS 1, 2, and 4s) and unfavorable groups (INSS 3
and 4) did not yield statistical significance (Fig. S1). A low
level of Shf expression had significant correlation with poor
prognostic factors, such as lower expression of 7rkA
(P < 0.001), DNA diploidy (P < 0.001), and the patients who
contracted the disease after 1 year of age (P < 0.05), whereas
no significant correlation was observed with the copy number
of MYCN (Fig. 1d).

Another adaptor protein Shb, a homolog of Shf, interacts
with several receptor tyrosine kinases and regulates such
receptor-oriented signal transduction pathways. Thus, we

doi: 10.1111/cas. 12115
© 2013 Japanese Cancer Association

— 166 —



Favorable NBLs {F;
(@) (b) F
8hi o m«»«:wmwhmmo,§§3
CELREENERERaR @R
' shf '
Chromesoma tocation: 1521,1 Ty Tyr -
GAPDH |
Shibx
e &ht
Chromosomal focation: 9p12+p11
SAPDH
(€ 5 44 P00 (@)
@ < 1.8
oA & §
g 12 2 08
I EL g8
2 o8 58 g4
BV o g [row snr
1 8.6 2% o2
¥ 8¢ ; | , Bhviign sir
tgim 2 0.0 - §§ g EE E‘a}
7 02 &x 583 2% g3
& B B G % &
£ oo 2% 53 ¢4 22
WSS 1,23 INBS 44 a3 % ;% 2% ¢z
{r=68) (n=37} g8
&
(e)1.o 1.9 LK
Low ALK/ High SAf(n=20
= 88 High SAf(7=37) & 08 Zos MWt igh Shf {n =20}
E 3 & High ALK/ High 8bf (n=17)
° 6.8 ] 0.6 I3 [1X:3 g <
2 & A Low ALK/ Low Shf{n=51)
B gs Low Shf{n=69) § g, High ALK (n=35) § o4 —
H % £ High ALK { Low Shi{n=18)
@ o2 @ g.2 g2
P=0.034 PaGitl Pe0.023
8.0 6.0 4 6.04
& 56 100 15G 200 250 o 50 100 150 200 250 0 50 160 150 200 250
Time after disgnosis (months) ‘Time after disgnosis {monihs) Tima after diagnosis (months)

Fig. 1.

Expression profiles of Shf mRNA in primary neuroblastoma (NBL). (a) Structural differences between Shf and Shb adaptor proteins. PTB,

phosphotyrosine-binding domain; SH2, Src homology 2 domain; Tyr, tyrosine. (b) Differential expression of Shf in neuroblastomas with favorable
(F) and unfavorable (UF) outcomes. Results of 16 representative clinical samples of each group are shown. GAPDH was used as a control. Favor-
able NBLs, stage 1 or 2, with single copy of MYCN. Unfavorable NBLs, stage 3 or 4, with MYCN amplification. (c) Relative Shf expression profiles
regarding metastatic status in NBL specimens measured by quantitative real-time PCR. Shf mRNA expression was normalized to that of GAPDH.
Values are shown as means + SEM. Non-metastatic group, stages 1-3; metastatic group, stages 4 or 4s. (d) Correlation between Shf expression
and other prognosis factors in NBL. The y*test was used to explore possible associations. *P < 0.001; **P < 0.05. (e) Kaplan-Meier cumulative
survival curves of Shf and anaplastic lymphoma kinase (ALK) expressions. High and low levels of Shf and ALK were determined based on mean

values.

hypothesized that Shf also participates in the regulation of the
signal pathway through its interaction with receptor tyrosine
kinases including TrkA and ALK that play critical roles in the
nervous system. ('3 Intriguingly, Shf was specifically
expressed in diencephalon, spinal cord, and dorsal root gan-
glion in mice.*” Additionally, we showed that Shf was partic-
ularly expressed in human brain (Fig. S2a). Therefore, we
used statistical analyses to clarify the relationship among these
factors and survivability of neuroblastoma patients. The log—
rank test indicated that a low level of Shf expression is signifi-
cantly correlated to the number of deaths, as well as other
prognostic factors,®® such as low level of TrkA expression,
DNA diploidy, age diagnosed after 1 year, and the amplifica-
tion of MYCN copy number, whereas ALK expression had no
significant correlation (Table 1). Univariate analysis using the
Cox regression model yielded similar results (Table 2). Multi-
variate analysis indicated that Shf was not independent com-
pared to other prognostic factors (Table 3), suggesting that
Shf expression cannot be used as a new prognostic factor in

Takagi et al.

neuroblastoma. Consistent with these statistical analyses,
Kaplan—Meier cumulative survival curves indicated that higher
expression of Shf is significantly correlated with favorable out-
come (Fig. le). Although it is not statistically significant,
higher expression of ALK shows some relevance to unfavor-
able outcome. To further confirm these results, 106 samples
were classified into four groups in regard to the expression lev-
els of Shf and ALK and the survival curves were examined.
The patients with lower Shf and higher ALK were significantly
associated with unfavorable outcome, whereas those with
higher Shf and lower ALK yielded markedly favorable results.
These results suggest that there is an inverse correlation
between expression levels of SAf and ALK in terms of the
clinical prognosis in neuroblastoma.

Physical interaction between Shf and ALK and their colocaliza-
tion in the juxtamembrane region in 293T cells. As these
statistical analyses suggested the functional relationship
between Shf and ALK, we asked whether these two proteins
have direct interaction in vivo. Toward this, we carried out
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Table 1. Analysis of relationships between Shf, ALK, and TrkA
expression and other prognostic factors in neuroblastoma patients,
using the log-rank test

Table 3. Multivariate analysis of Shf, ALK, and TrkA expression and
other prognostic factors in neuroblastoma patients using Cox
regression model

NQ. of No. of Mean & SEM Pvalue Multivariate analysis P-value HR (95%Ci)
patients deaths
A Shf (low vs high) 0.253 1.7 (0.7-3.9)

Shf expression TrkA (low vs high) 0.002* 3.4 (1.5-7.5)
Low 69 29 0.53 + 0.07 0.0345* B Shf (low vs high) 0.014* 2.7 (1.2-6.1)
High 37 8 0.73 & 0.09 ALK (low vs high) 0.031* 2.1 (1.1-4.1)

ALK expression C Shf (low vs high) 0.260 1.9 (0.6-5.7)
Low 71 22 0.64 + 0.06 0.1178 DNA ploidy 0.001* 6.3 (2.1-19.1)
High 35 15 0.50 + 0.10 (diploidy vs aneuploidy)

TrkA expression D Shf (low vs high) 0.163 1.8 (0.8-3.9)
Low 52 26 0.45 + 0.08 <0.0005* Age (<1 year vs >1 year) 0.002* 4.4 (1.7-11.4)
High 51 9 0.78 + 0.07 E Shf (low vs high) 0.116 1.9 (0.9-4.2)

DNA ploidy MYCN (single vs amplification) <0.001* 5.4 (2.8-10.3)
Aneuploidy 47 4 0.43 £ 0.09 <0.0001* F Shf (low vs high) 0.052 2.2 (1.0-4.8)
Diploidy 43 23 0.90 + 0.05 Tumor origin (adrenal 0.032* 2.1 (1.1-4.2)

Age gland vs others)
<1 year 42 5 0.88 + 0.05 <0.0005* G Shf (low vs high) 0.358 1.5 (0.6-3.6)
>1 year 64 32 0.43 £ 0.07 Shimada histology <0.001* 8.1 (3.1-21.5)

MYCN copy number (favorable vs unfavorable)

Single 81 18 0.73 &+ 0.06 <0.0001* H Shf (low vs high) 0.069 2.1 (0.9-4.6)
Amplification 25 19 0.20 + 0.09 INSS stage (1, 2, 4s vs 3, 4) <0.001* 9.1 (2.8-29.7)
*P < 0.05. *P < 0.05. Cl, confidence interval; HR, hazard ratio; INSS, International

Table 2. Univariate analysis of Shf, ALK, and TrkA expression and
other prognostic factors in neuroblastoma patients using Cox
regression model

Univariate analysis n P-value  HR (95%Cl)
A Shf (low vs high) 69 vs 37  0.039* 2.3 (1.0-5.0)
B ALK (low vs high) 71 vs 35 0.121 1.7 (0.9-3.2)
C  TrkA (low vs high) 52 vs 51 <0.001* 3.9 (1.8-8.4)
D DNA ploidy 47 vs 43 <0.001* 7.6 (2.6-22.1)
(diploidy vs aneuploidy)
E  Age (<1 year vs >1 year) 42 vs 64 <0.001* 4.9 (1.9-12.6)
F MYCN (single vs amplification) 81 ws25 <0.001* 5.8 (3.0-11.1)

*P < 0.05. Cl, confidence interval; HR, hazard ratio.

immunoprecipitation using the cell lysate prepared from 293T
cells in which exogenous Shf and ALK are overexpressed, and
proved reciprocal interaction between ALK and Shf (Fig. 2a).
To further confirm this result, we used several point mutants
of ALK that were recently reported in neuroblastoma.!*™'7
F1174L and RI1275Q are the “hot spot” mutations in the kinase
motif located in the intracellular domain of ALK, whereas the
AI099T mutation is located in the transmembrane domain.
Immunoprecipitation indicated that Shf could interact with all
of these mutated constructs of ALK, as well as wild-type
(Fig. 2b). There are minor differences in the binding capability
of Shf to each ALK mutant, possibly suggesting that these
point mutations in ALK may affect the affinity to Shf. In addi-
tion, immunofluorescence stain indicated that exogenous Shf
and ALK were enriched at the cellular membrane (Fig. 2c),
suggesting that two proteins colocalized at the juxtamembrane
region in 293T. Taken together, we concluded that Shf binds
to ALK in vivo.

Overexpression of ALK facilitated cellular growth. It has been
reported that ALK is an oncogenic receptor tyrosine kinase that
transmits survival signals in several cell lines and tissues from
different origins.®* Consistent with previous reports,®+>"
successful overexpression of ALK induced phosphorylation
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of Erkl/2 and STAT3 even in neuroblastoma cells, such as
SK-N-DZ, SK-N-AS, and NLF, clearly suggesting that abun-
dant ALK affects the downstream of signal transduction path-
way oriented by ALK (Fig. 3a). Overexpression of ALK also
increased the number of cells, indicating that ALK may play
an important role during the development of neuroblastoma
(Fig. 3b). In contrast, overexpression of Shf affects neither the
phosphorylation of ALK (Tyr1604) and downstream factors
(Fig. 3c) nor cellular growth (Fig. 3d).

Knockdown of Shf promoted Erk1/2 and STAT3 phosphoryla-
tion and enhanced cell growth. The results of Kaplan—Meier
survival analyses suggested that Shf had a biological function
opposite to oncogenic ALK. Thus, we used a knockdown strat-
egy to investigate the cellular property of Shf in neuroblas-
toma. The expression of SAf mRNA was efficiently inhibited
by siRNA transfection in three neuroblastoma cells, SK-N-DZ,
SK-N-AS, and NLF (Fig. 4a), that express low levels of wild-
type ALK (Fig. S2b). Knockdown of Shf accelerated phosphor-
ylation of Erk1/2 in SK-N-DZ and SK-N-AS as well as ALK
itself at tyrosine 1604. In addition, phosphorylation of STAT3
was observed by SAf knockdown in SK-N-DZ and NLF
(Fig. 4b). Knockdown of Shf enhanced cell growth in these
cells, which was statistically significant (Fig. 4c). Next, we
used a combination of siRNAs specific to Sif and ALK in neu-
roblastoma cell line SH-SY5Y, in which ALK has the F1174L
mutation (Fig. 4d) and Shf is expressed (Fig. S2b). Knock-
down of Shf increased the growth rate of SH-SYSY in the
presence of endogenous ALK (Fig. 4e). However, under the
experimental condition that ALK was suppressed by specific
siRNA (Fig. 4d, lower panel), Shf knockdown did not facilitate
cell growth (Fig. 4e). This result indicates that the acceleration
of cell growth rate mediated by knockdown of Shf depends on
ALK, suggesting that Shf inhibits growth signals that are
downstream of the ALK-initiated signal transduction pathway
in neuroblastoma.

Depletion of Shf facilitated cell migration and invasion of
neuroblastoma cells. Various fusion proteins of ALK exert
oncogenic properties ge.%). increasing migration in fibroblast
and lymphoid cells)®®™ and suppression of Shf might

doi: 10.1111/cas. 12115
© 2013 Japanese Cancer Association

— 168 —



(a) fput 1P {ALK) input P {Shi)
1 with: Cont. :‘i‘:fm 1 with: Cont. oHA
Flag-ALK - Ay e A e we HA-SK R PR
averaxpression overexpression
Myc-His-Shi Flag-ALK
overaxpression ¥ b % & b % 4 4 ovarexpressions ¥ bk
ALK oHA (Shi}
oye (S48 | ALK
(b) Input P aFlag (ALK)
w & - &
. £ 2458 £ 5358
Flag-ALK overexprassion % = g g § % - § % &
g Bz Ik
Myo-His-Shf pverexpression + 4+ % + % LI

aALK
aiye (Shi)
input P oHA (Shi)
HA-ShT overexprassion P ok b bk
o & s &
i ) € S48 < PENNE -
Flag-ALK overexpression z 3 g': § § z g ?': § %
822k 824 x&
oHA (Shf)
aALK

(c) HEK293T celis (8hf and ALK overexpression)

DAPY

Fig. 2. Physical interaction between adaptor protein
Shf and anaplastic lymphoma kinase (ALK).
(a) Immunoprecipitation (IP) in 293T cells. Flag-tagged
ALK and either HA-tagged or Myc-His-tagged Shf
were exogenously overexpressed. Cont., control.
(b) Immunoprecipitation assay under the exogenous
expression of ALK mutants and Shf in 293T cells.
(c) Subcellular colocalization of Shf and ALK in human
embryonic kidney (HEK) 293T cells. Myc-His-Shf and
Flag-ALK were overexpressed in 293T and indirect
immunofluorescence staining was carried out. Upper
panels: DAPI (blue), Shf (green), ALK (red), blight field
(BF), and merged images. Lower panels: exogenous
expression of ALK alone yielded a similar localization
pattern at the juxtamembrane region, indicating that
the localization of ALK was not affected by Shf
overexpression.

positively affect the consequence of ALK activation. To
prove this possibility, we examined the ALK-promoted cell
motility and invasive ability of neuroblastoma cells under the
condition that Shf was suppressed. Knockdown of Shf greatly
increased the number of migrated cells in both NLF and SK-
N-DZ cells, compared to the corresponding control (Fig. Sa).
As well, Shf knockdown in NLF yielded a significant
increase in the number of invasive cells. There was a mild
tendency of increasing invasion in SK-N-DZ, although it was
not statistically significant (Fig. 5b). These results suggest
that suppression of Shf promotes the motility and invasive
capability of neuroblastoma cells, which is consistent with
our clinical data that lower expression of Shf was observed
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in metastatic primary neuroblastoma defined by INSS 4 and
4s (Fig. lc).

Finally, we sought to confirm the biological function of
Shf as a negative regulator in ALK-promoted cell mobility.
Toward this, overexpression of ALK and siRNA-mediated
suppression of Shf was carried out simultaneously. The
increase of migration mediated by Shf knockdown was
enhanced more than twofold when ALK was overexpressed
(Fig. 5c¢). While either knockdown of Shf (Fig. 3a) or overex-
pression of ALK (Fig. 5d) facilitated phosphorylation of
ALK, simultaneous treatment of Shf suppression and ALK
overexpression further promoted the phosphorylation of
ALK itself (Fig. 5d). The combination of Shf suppression and
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ALK overexpression in NLF also yielded an increase of phos-
phorylation status of STAT3 at tyrosine 705, compared to
individual treatment (Fig. 5d). These results suggest that Shf
inhibits phosphorylation of ALK and STAT3, phopho-trans-
duction _signals that are downstream of ALK activa-
tion. #3749 Therefore, we concluded that Shf negatively
regulates phospho-transduction signals in ALK-oriented path-
ways, resulting in modulation of cell mobility and invasive-
ness in neuroblastoma.

Discussion

In this work, we identified that an adaptor protein Shf is a neg-
ative regulator of ALK and its downstream signals in neuro-
blastoma. High levels of SAf mRNA expression were observed
in neuroblastomas with favorable outcome, whereas low
expression was associated with unfavorable tumors. Shf inter-
acts with ALK in vivo, suggesting the molecular function of
Shf participating in ALK-oriented signal transduction pathways
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Contrarily, overexpression of Shf had least effect on
the ALK signaling pathway (c) and cell growth (d).

during neural development and tumorigenesis. In the absence
of ALK, however, knockdown of Shf did not facilitate cell
growth; overexpression of ALK stimulated the effect of Sif
knockdown, suggesting that Shf inhibits the downstream signal
initiated by ALK. Therefore, we concluded that the adaptor
protein Shf interacts with ALK receptor and modulates onco-
genic activity in neuroblastoma.

As an adaptor protein containing the SH2 domain, it can be
implied that Shf may play multifunctional roles in a variety of
aspects of cellular activity, depending on the interaction with
different receptor proteins. Indeed, adaptor proteins bind to
receptors at the cell membrane and regulate signal transduction
pathways either positively or negatively. For instance, Shf sup-
presses a signal transduction initiated by PDGFo receptor,
resulting in inhibition of apoptosis.®® In contrast, Shb, another
SH2-containing adaptor protein highly homologous to Shf,
facilitates the PDGFa-oriented signal, leading to activation of
apoptosis.“" Structural differences between Shf and Shb may
explain the molecular mechanism of this contradictory result.
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Compared to Shb, Shf lacks the PTB domain and proline-rich
motifs at the N-termini, whereas the C-terminal region contain-
ing the SH2 domain is highly conserved (Fig. 1a). The SH2
domain is responsible for the binding to the receptor; the PTB
domain is necessary to activate PDGFo. Therefore, Shf may
act as a dominant negative competitor to Shb. In the case of
ALK receptor tyrosine kinase, it has been well studied that
ShcC, which is also a member of the SH2 adaptor protein fam-
ily, facilitates the phospho—si%nal transduction initiated by
ALK, inducing survival signals. 3642 1 this work, we showed
that Shf negatively regulates the ALK signaling pathway,
resulted in inhibition of cell growth and motility. This novel
inhibitory mechanism mediated by Shf on the ALK signal
pathway may confer the molecular model how adaptor proteins
regulate phospho-transduction pathways that manage cell
growth and mobility.“

This work showed that Shf physically binds to ALK and
negatively regulates signal transduction downstream of the

Takagi et al.

2
Time post transfection (days}

siShi + siALK | 1

ALK pathway in neuroblastoma. Knockdown of Shf pro-
moted phosphorylation of Erk/STAT accompanied by an
increase in cell growth rate. Interestingly, this effect was
nullified when ALK was simultaneously knocked down, indi-
cating that existence of ALK is a prerequisite for suppres-
sion of ALK-oriented signal transduction mediated by Shf.
This result suggested that Shf negatively regulates down-
stream of the ALK signal pathway. In addition, an increase
of cell migration capability by Shf knockdown was signifi-
cantly stimulated when ALK was exogenously overexpres-
sed, further supporting the notion above. It should be noted
that overexpression of ALK increased the growth of cells,
but overexpression of Shf alone had no such effect (Fig. 3b,
d). We speculate that this is due to the titration out of ALK
protein by abundant Shf. This may also explain why Shf
showed higher affinity with a constitutively active mutant
(F1174L) of ALK than with wild-type (Fig. 2b). Abundant
Shf protein may not be able to affect the mutant form of
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ALK, while the interaction between these two proteins was
facilitated.

The ALK kinase inhibitor crizotinib (PF-02341066) reportedly
inhibits proliferation of cells that express R12750-mutated ALK,
whereas cells harboring FI1174L-mutated ALK were relatively
resistant.“® In contrast, a small molecular weight compound

570

TAE-684, another ALK inhibitor, decreased proliferation of
human neuroblastoma cell lines harboring FI174L-mutated
ALK."® Treatment of ALK™/7# transgenic mice with TAE-684
induced complete tumor regression.?” Therefore, combinations
of the addback of Shf and the use of ALK inhibitors may be help-
ful to develop a potential treatment and cure for neuroblastoma.
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ALK is a MYCN target gene and

regulates cell migration and invasion in
neuroblastoma
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Human anaplastic lymphoma kinase (ALK) has been identified as an oncogene that is mutated or amplified
in NBLs. To obtain a better understanding of the molecular events associated with ALK in the pathogenesis
of NBL, it is necessary to clarify how ALK gene contributes to NBL progression. In the present study, we
found that ALK expression was significantly high in NBL clinical samples with amplified MYCN (n = 126, P
< 0.01) and in developing tumors of MYCN-transgenic mice. Indeed, promoter analysis revealed that ALK
is a direct transcriptional target of MYCN. Overexpression and knockdown of ALK demonstrated its
function in cell proliferation, migration and invasion. Moreover, treatment with an ALK inhibitor,
TAE-684, efficiently suppressed such biological effects in MYCN amplified cells and tumor growth of the
xenograft in mice. Our present findings explore the fundamental understanding of ALK in order to develop
novel therapeutic tools by targeting ALK for aggressive NBL treatment.

euroblastoma (NBL) is an embryonal malignancy derived from precursor cells of the sympathetic
nervous system, and accounts for 7-10% of childhood cancers and around 15% of cancer deaths in
children'. Though some subsets of NBL undergo spontaneous regression without therapy, about 60-70%
of high-risk NBL patients are resistant to currently available therapies and have poor prognoses'~*. The genetic
feature most consistently associated with treatment failure is an amplification of the MYCN proto-oncogene,
which is strongly correlated with advanced disease®”. Even in otherwise favorable localized disease, MYCN
amplification indicates poor outcome, underscoring its biological importance. Indeed, upregulation of MYCN
in NBL cells resulted in accelerated proliferation, migration and invasion®"'. Consistent with these observations,
transgenic mice overexpressing MYCN in neural crest-derived tissues displayed frequent development of NBL'?,
suggesting that upregulated expression of MYCN is causative in the genesis and development of NBL in vivo.
However, the role of MYCN expression and its molecular mechanisms to induce an aggressive phenotype are still
unclear. Identification of its direct transcriptional target gene(s) may provide a novel insight into understanding
the functional contribution of MYCN in malignant phenotypes of aggressive NBL.

The MYC family of proto-oncogenes belongs to the basic helix-loop-helix leucine-zipper class of transcription
factors. MYC proteins (MYCN and c-Myc) share several regions of homology and similar cellular functions that
target proliferative pathways vital for cancer progression. Members of this family function as heterodimers with
MAX, and exert transcriptional activity by specifically binding to a consensus E-box motif (CACGTG) located
within the promoter regions of a diverse set of target genes'>~'. Although a handful of MYCN target genes
involved in MYCN-driven cell proliferation and apoptosis have been identified, the target genes responsible for
MYCN-mediated cell migration and invasion remain elusive.

Anaplastic lymphoma kinase (ALK) has been identified as a gene upregulated in unfavorable NBL, suggesting a
possible oncogenic role for this receptor tyrosine kinase, which was previously linked with NBL'®". Recently,
ALK point mutations were described in 3-11% of sporadic NBL, and were found to be one of the most important
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