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Figure 1 CD133 knockdown inhibits the growth of human neuroblastoma (NB) cells. (a) Flow cytometric analysis of CD133
expression profiles in TGW cells. CD133 fluorescence is depicted on the y axis, and the percentage of CD133-positive cells is shown in
the left upper corner of each plot. (b) Stable knockdown of CDI133 by lentivirus-mediated shRNA was performed as described in
Materials and methods. CD133 expression was detected by semi-quantitative RT-PCR and western blotting analysis in TGW cells.
Growth curves were obtained by WST-8 assay. Anchorage-independent colony formation (c) and in vivo tumorigenic assay (d). TGW
cells were stably transduced with shRNA against mock or CD133 (KD). (¢) Colonies were stained with MTT dye and directly counted
under a phase contrast microscope. (d) Tumor development in BALB/c AlJcl nu/nu mice on injection of TGW cells stably infected with
shRNA against mock (arrow) and CD133 (KD, arrowhead) cells. Tumor volume was measured every 3 days. Data are presented as the

mean * s.d. of tumors in four mice.

the effects of CD133 on TrkA/B/C, p7SNGFR and
GDNF expressions did not show a specific tendency.
CD133 knockdown clearly increased RET mRNA (RET
induction was 2.5-3.0-fold by qPCR). CD133-mediated
RET downregulation was also observed at the protein
level (Figure 3b). Furthermore, CD133 expression in
primary NB spheres resulted in transcriptional suppres-
sion of RET (Figure 3c). These results suggest that
CD133 suppresses RET gene transcription in NB cells.

To study the expression pattern of CDI33 and RET
mRNA in human NBs, we performed semi-quantitative
RT-PCR. CD133 was expressed in 7 of 20 NB cell lines
tested (Figure 3d), and only 1 NB cell line was RET
positive in the 7 cell lines. We further studied CDI133

and RET expression in unfavorable patient-derived
tumors (stages 3 and 4, TrkA(—), MYCN amplified).
Again, RET expression was profoundly repressed in
CD133-expressing NB tumors (Figure 3e). Finally, we
studied the transcriptional activity of RET promoter in
CD133-expressing cells. RET promoter reporter-derived
luciferase activity was significantly suppressed in
CD133-expressing cells (Figure 3e).

CD133 regulates NB cell differentiation

in a RET-dependent manner

We investigated the biological effects of CD133 over-
expression on RET downregulation in SH-SYS5Y cells.
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Significant neurite outgrowth was observed when mock-
infected cells were stimulated with GDNF (Figure 4a).
At the same time, no obvious difference was observed
between mock- and GDNF-treated CD133-expressing
cells. These results implied that CD133 overexpression
inhibited NB cell differentiation.

c
RT-PCR mock
mockGpNF KD
CD133
NF68
GAP43
50 GAPDI
40 L —
,—p’DJ)OS‘I—? WB

neurite alongated cells (%) o
8

mock  mock + GDNF KD

Figure 2 CD133 silencing induces differentiation in TGW cells.
TGW cells were infected with lentivirus vectors encoding shRNA
against CD/33 (right) or a mock (left) as a negative control. Ten
days after infection, cells were treated with buffer (mock and KD)
or GDNF (10 ng/ml, middle). Cells were scored for the presence of
neurites longer than one cell diameter 72 h after treatment (photo:
(a), bar graphs: (b)). Data are presented as the mean + s.d. from at
least three independent experiments. Statistical analysis was
performed by Student’s t-test. (c) NB differentiation-related
molecule neurofilament 68 (NF68) and GAP43 expressions
in RT-PCR and WB. NF68 protein was not detected by WB in
TGW cells.

4
Figure 3 CDI133 inhibits RET expression in NB cells. (a) SH-
SYS5Y, NB-69 and NB-9 cells were infected with mock or CD133-
expressing lentivirus, and TGW and SK-N-DZ cells were stably
infected with shRNA against mock or CD133 (KD) lentivirus.
Semi-quantitative RT-PCR analyses were performed with CD133-
modified NBs using specific primers against each RET isoform, Trk
families, GFRa-1/2 and GDNF. GAPDH was used as a loading
control. Expression level of RET (pan) was analyzed by gPCR. In
qPCR, relative RET values were normalized by GAPDH. Data are
representative results of at least three independent experiments.
(b) CD133-expressing SH-SY5Y or CD133 knocked-down TGW
cell lysates were subjected to western blotting for CD133 and pan-
RET expression. Pan-RET antibody detected two bands corre-
sponding to RET isoforms (arrows). (¢) Primary sphere from a
stage 4 NB patient was infected with mock or CD133-expressing
lentivirus. Five days after infection, RNA was extracted for semi-
quantitative  RT-PCR of CDI33/RET and gPCR of RET.
GAPDH was used as an internal control. Data are representative
of three tumor samples. (d) Expression of CD133 and RET mRNA
in NB cell lines. In all, 18 NB cell lines with amplified M YCN and 2
cell lines with a single copy of MYCN were used for semi-
quantitative RT-PCR analysis. (e¢) Semi-quantitative RT-PCR
analysis in unfavorable primary NBs. The results of 12 NBs are
shown. Unfavorable NBs: International NB Staging System (INSS)
stage 3 or 4, TrkA (), with MYCN amplified. (f) Effects of CD133
on RET promoter (0.8kb) activity in SH-SY5Y cells. pGL4.17-
RET promoter-driven luciferase activities were normalized to pRL-
SV40 early enhancer/promoter-driven Renilla luciferase activities
as the transfection control and expressed as relative values.
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We examined the effect of the co-expression of CD133
and RET (RET9) on SH-SY5Y cells. RET-expressing
lentivirus was co-infected into stably CD133-expressing
SH-SYSY cells. Ten days after infection, ectopic RET
and CD133 expressions were observed both at protein
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and mRNA levels (Figure 4b and data not shown). As
seen in Figure 4a, GDNF significantly induced neurite
outgrowth of CDI133/RET co-expressing SH-SYS5Y
cells. CD133 single-infected cells did not respond to
GDNF, suggesting that the response was dependent
on RET receptor expression. However, the expression

buffer

GODNF
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mock KD mock KD

p-AKL (4735) [am e amp == |+
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p-p38 | - -
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of neuronal cell differentiation markers induced by
GDNF was not recovered by RET in CD133-expressing
cells (Figure 4b). These findings indicated that
CD133 inhibits GDNF-promoted neuronal differentia-
tion via not only by RET but also by the other signal
pathways.

CD133 regulates RET expression and NB cell
differentiation by modification of signaling pathways

To identify the mechanism of RET downregulation in
CD133-expressing cells, we studied the signaling mole-
cule status in CD133 knocked-down cells (Figure 4c)
and found a strong suppression of Akt (4738, 308T) and
p38MAPK phosphorylation, but not ERK1/2 in both
TGW and SK-N-DZ cells. To confirm the Akt and
P38MAPK phosphorylation status caused by CD133
downregulation, we treated TGW cells with kinase
inhibitors. MEK1 inhibitor (PD98059, PD), p38MAPK
inhibitor (SB203580, SB) and PI3K inhibitor
(LY294002, LY) induced neurite elongation in NB cells,
and SB and LY were more effective for neurite
elongation than PD. RET induction by kinase inhibitors
was correlated with neurite elongation; however, differ-
entiation markers NF68 and GAP43 were significantly
induced by SB treatment. These results suggest that
downregulation of p38MAPK and PI3K/Akt pathways
has a function in CD133-related neurite elongation and
differentiation marker expression is affected mainly by
the p38MAPK pathway.

CD133 has a function in tumor-sphere growth and cell
survival

It was previously reported that NB TICs were accumu-
lated in NB spheres in serum-free media (SFM)
(Hansford et al., 2007). These observations prompted
us to study the function of CD133 in tumor-sphere
formation of NB cells. In IMR32 cells, only a small
fraction of cells expressed CDI133 (Supplementary
Figure 1Sa). IMR32 cells were cultured in SFM with
epidermal growth factor and fibroblast growth factor
for a week, and sphere formation, upregulation of
CD133 (11.8-fold induction) and suppression of RET
(2.8-fold reduction) were observed (Figure 5a). In
primary NB cells from bone marrow metastasis,

Figure 4 NB cell differentiation was regulated by CD133-dependent
RET suppression via signal pathway modification. (a) Mock, CD133
and/or RET9 co-expressing SH-SYSY cells were treated with GDNF
(50ng/ml) for 72h. Cells were scored for the presence of neurites
longer than one cell diameter after GDNF treatment. (b) CD133 and/
or RET9 co-infected SH-SY5Y cells were cultured with or without
GDNF treatment. Semi-quantitative RT-PCR analyses of CDI33,
GAP43, RET and GAPDH were performed. (c) The levels of phospho-
Akt (p-Akt(473S) and p-Akt(308 T)), total-Akt, phospho-p38MAPK
(p-p38), total-p38MAPK, phospho-ERK (p-ERK), total-ERK and
tubulin were analyzed by western blot analysis. (d) TGW cells were
cultured with DMSO (mock, 0.1%), PD98059 (PD, 5um), SB203580
(SB, 5pum), LY294002 (LY, 5um), GDNF (50ng/ml) or ATRA (5um)
for 96 h. Cells were scored for the presence of neurite longer than one
cell diameter after treatments. Semi-quantitative RT-PCR analysis of
RET/NF68/GAP43/GAPDH, and qPCR of RET were performed.
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Figure 5 CDI133 enhances cellular survival of NB cells in
neurospheres. IMR32 cells (a) and primary NB cells (b) were
cultured in 10% fetal bovine serum containing medium (adherent)
or SFM (sphere) for a week. Semi-quantitative RT-PCR
and qPCR analyses were performed with adherent or sphere
cell RNAs using specific primers for CD133 and RET. GAPDH
was used as a loading control. Primary NB cell results are
representative of three tumor samples. (¢) IMR32 cells were stably
infected with mock or CD133-expressing lentivirus. The expression
levels of CD133 and GAPDH were determined by semi-quantitative
RT-PCR. Cells were cultured in 96-well culture plates with
SFM. After 5 weeks, spheres were measured and counted under a
microscope with an eyepiece micrometer. (d) Enzymatically
dissociated IMR32- or primary NB-sphere cells were stained
with trypan blue and counted to determine the number of
viable cells.
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the upregulation of CDI133 (1.4-fold induction) and
downregulation of RET receptors (5.9-fold reduction)
were found in SFM medium, but not in the medium
with 10% fetal bovine serum (Figure 5b). Next, we
introduced CDI133 into IMR32 cells by lentivirus
infection, and after 5-week culture in SFM, we found
that CD133-expressing cells formed many more large
spheres than mock cells (Figure 5c). Moreover, CD133-
expressing spheres made from IMR32 and primary NB
cells contained many more living cells than the mock
control (Figure 5d), suggesting that CD133 promotes
NB cell survival in tumor-sphere formation.

Discussion

Increasing evidence highlights the function of CD133 as
a marker of CSCs in various human tumors; however,
its function in tumorigenesis remains to be elucidated by
molecular biology experiments. In this study, CD133-
knockdown experiments indicated that CD133 represses
differentiation in NB cells; CD133 was clearly decreased
by differentiation-inducing stimulation, for example
ATRA and TPA treatments. Brodeur er al. (2000)
indicated that neurotrophic factors and their receptors
have a significant function in NB behavior and the
potential to send intracellular signals into the nucleus to
produce neuronal differentiation in the normal sympa-
thetic nerve system. Among the NB cell differentiation-
related neurotrophic receptors, RET transcription was
regulated by CD133 in NB cell lines. The expression of
CD133 effectively inhibited NB cell differentiation
(neurite extension and differentiation markers). Further-
more, RET expression partly rescued the CD133-related
inhibition of differentiation. These findings suggest that
CD133-mediated RET suppression has a considerable
function in NB cell differentiation. Regarding the
function of RET in NB differentiation, Peterson and
Bogenmann (2004) suggested that RET receptor activa-
tion inhibits cell cycle progression and enhances
responsiveness to NGF; thus, NB cell differentiation
requires the collaboration of functional RET and TrkA
signal pathways; they also reported that GDNF treat-
ment induced RET transcription in NB cells. Intrigu-
ingly, our results indicate that CDI133 expression
effectively suppressed RET mRNA in NB cells and
CD133 knockdown induced NB cell differentiation,
suggesting that suppression of CD133 by small-inter-
ference RNA administration will increase RET tran-
scription in CD133-expressing NB tumors and may be
useful in differentiation induction therapy for resistant-
and relapsed-NB tumors. In addition, transcriptional
suppression of CDI33 could be useful to induce
differentiation in NB cells; however, the exact mechan-
ism of transcriptional regulation of CD133 has not been
clarified. Although seven CD133 mRNA isoforms
controlled by five alternative promoters were reported
previously (Shmelkov et al., 2004), the promoter
activities of these isoforms were studied only by
pGL3-enhancer vector, suggesting the existence of other
cis-elements in the CD133 locus.
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Several studies have been reported to elucidate the at 4 °C. The primary antibody was removed, and then the cells
molecular mechanism and signaling pathways that were washed twice with ice-cold PBS containing 0.1% BSA,
regulate the behavior of CD133-expressing cancer cells. ~ and a 1:200 dilution of phycoerythrin-labeled streptavidin
Nikolova et al. (2007) reported that WNT-conditional ~ (eBioscience) added for 15min at 4°C. After washing, flow
media had effects on the proliferation and differentia- Cyto.metg‘l.v{)is p;gorsmedj usmgcz %‘g:scence'acmated ocl
tion of cord blood-derived CD133-positive cells, and sorting Caliber (BD, San Jose, CA, ):
Fan et al. (2006) showed that Notch signal inhibition by Ritocdd  CDI33
GSI-18 reduced the CD133-positive fraction in brain nockdown of 1 .
tumor cells. Regarding the analysis of the intracellular For RNAi experiments, predesigned, double-stranded SMART-
ftmaling -pathway related to the CD133 funetion. one pool small-interference RNA targeting human CD133 (prominin-1)
signaling ‘p y S ’ was purchased from Dharmacon (Lafayette, CO, USA) and
report suggested the significance of the Akt/PKB path-  gjencer Negative Control small-interference RNA #1 was
way in the expression of survival proteins, phosphor-Bad  pyrchased from Ambion (Austin, TX, USA).
and Bcl-2 in CD133-positive hepatocellular carcinoma
cell survival (Ma .et al., ,2007 ). In our study, CDI33- Lentivirus-mediated gene transduction and knockdown
knockdown experiments indicated that CD133-related The packaging cell line HEK 293T (4 x 10°) was plated and
RET repression and NB cell differentiation were caused transfected the following day. Then, 1.5 pg transducing vectors
by signal pathway activation, for example p38MAPK  containing the gene [pHR-SIN-CMV-G-DL1 or CSII-CMV-
and PI3K/Akt pathways. To support this observation, = MCS-IRES2-Bsd vector (RIKEN Bioresource Center, Ibaraki,
treatment with kinase inhibitors showed a correlation  Japan)] or shRNA [pLKO.1 (Sigma-Aldrich)] and 2.0pg
between neurite elongation and RET induction in NB  Ppackaging vectors (Sigma-Aldrich) were co-transfected with
cells, and that differentiation marker protein induction =~ Fugene 6 transfection reagent (Roche Applied Science,
was mainly dependent on the p38MAPK pathway. These Indianapolis, IN, USA) according to the mgnufacturer s
findings suggest that CD133 prevents NB cell differentia- pratoco’s. The medivet was chuteed the Selltfing Sey,
. 85 Sugg . p cells were cultured for another 24 h. Conditioned medium was
tion via signal transduction pathways. To the best of our ¢ jecied and cleared of debris by filtering through a 0.45 um
knowledge, this is the first report of CD133-related signal e (Millipore, Bedford, MA, USA). Then, 1 x 10° NB cells
pathway modification resulting in cell differentiation. As  were seeded in each well of a six-well plate, and transduced by
CD133 is a membranous protein on stem cells and cancer  lentiviral-conditioned media. Transduced cells were analyzed
stem cells, it is possible that CD133 affects membranous by western blotting and RT-PCR.
receptor functions and the downstream signal pathways.
In addition, Boivin et al. (2009) reported the phosphor- Cloning of human CD133 ¢DNA
ylation of CD133-cytoplasmic tyrosine-828 and tyrosine-  The human CDI33 cDNA (RefSeq NM_006017) was cloned
852 by Src and Fyn tyrosine kinases. Site-directed from human colon cancer cell line Caco-2 mRNA by RT-PCR
mutagenesis of these tyrosine residues in CD133 will using specific primer sets described in Supplementary Table 1S.
provide important information for CD133 functions in CD133 cDNA fragment was sub-cloned into a lentiviral-based
our experimental system using NB cells. vector (pHR-SIN-CSGW) (Hasegawa et al., 2006).
Western blot analysis
The cells were lysed in buffer containing 5mm EDTA, 2mm
Materials and methods Tris-HCI (pH 7.5), 10mmM B-glycerophosphate, 5pg/ml apro-
tinin, 2mmM phenylmethylsulfonyl fluoride, 1 mm Na;VO,, a
Cell culture and reagents protease inhibitor cocktail (Nacalai Tesque) and 1% SDS.
Human NB cell lines were obtained from official cell banks Western blot analysis was performed as reported previously
(RIKEN Cell Bank, Tsukuba, Japan and ATCC, Manassas, (Kurata et al., 2008). For CD133 detection, we used AC133
VA, USA) and cultured in high-glucose DMEM (Sigma- monoclonal antibody. Anti-RET (Santa Cruz Biotechnology,
Aldrich, St Louis, MO, USA) or RPMI11640 (Wako, Osaka, Santa Cruz, CA, USA), anti-phospho- and total Akt, p38,
Japan) supplemented with 10% heat-inactivated fetal bovine ERK (Cell Signaling Technology) and anti-tubulin antibody
serum (Invitrogen, Carlsbad, CA, USA) and 50 pg/ml penicillin/ from Lab Vision (Fremont, CA, USA) were also used.
streptomycin (Sigma-Aldrich) in an incubator with humidified
e SO st e s 0 n g T
SH.SYSY cells and MYCN-amplifid TGW, SK-N-DZ and oL AU ene T Pk oo, Tas 8 oo e e
IMR?32 cells. GDNF was obtained from Invitrogen. ATRA Was T PER. tomoltos was. on : P, o
’ . g plates was extracted using ISOGEN (Nippon
from Sigma-Aldrich. Phorbol-12-myristate-13-acetate (TPA) Gene KK, Tokyo, Japan). The cDNA was synthesized from
g frpm Nacalax Tesque (Kyoto, Japan). LY294002 was from 1 pg total RNA and then subjected to PCR. Primer sequences
Cell Signaling Technology (Beverly, MA, USA). PD98059 and are described in Supplementary Table 1S. RT-PCR results are
SB203580 were from Calbiochem (San Diego, CA, USA). ; PP Y. : .
representative of at least three independent experiments.
Fluorescence-activated cell sorting analysis gPCR analysis
NB cell lines growing in the log phase were enzymatically The qPCR analysis was performed as described previously
removed from 10 cm diameter culture dishes, washed with cold (Ochiai et al., 2010). The primers for qPCR were designed and
PBS and treated with biotinylated AC133 (CD133/1) mono- synthesized to produce 50-150bp products. The primer
clonal antibodies (Miltenyi Biotec, Auburn, CA, USA) or sequence is listed in Supplementary Table 1S. The results were
control IgG2A (eBioscience, San Diego, CA, USA) for 15 min representative of at least three independent experiments.
Oncogene
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Cell proliferation and soft agar assay

Cells were seeded into 96-well plates (750 per well) in culture
medium containing 10% fetal bovine serum. Every 24h,
cell viability was determined by water-soluble tetrazolium
salt (WST-8) assay using Counting kit-8 (Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocol. For soft agar
assay, 2 x 10° cells of stable infectants TGW or SH-SY5Y cells
were seeded in soft agar as described previously (Aoyama et al.,
2005). Viable colonies were stained with 0.05mg/ml MTT.

Tumor formation in nude mice

For tumor formation, 6-week-old female athymic BALB/c AJcl
nu/nu mice (CLEA Japan, Shizuoka, Japan) were injected into
the femur with 1 x 107 TGW cells as described previously
(Aoyama er al., 2005). The handling of animals was in
accordance with the guidelines of Chiba Cancer Center
Research Institute.

Patients and tumor specimens

The 12 tumor specimens used in this study were kindly provided
by various institutions and hospitals in Japan. Informed consent
was obtained at each institution or hospital. All tumors were
diagnosed clinically as well as pathologically as NB and staged
according to the International NB Staging System criteria. The
patients were treated by standard chemotherapy protocols as
described previously (Kaneko ez al., 2002; Iehara et al., 2006).
MYCN copy number, TrkA mRNA expression levels and DNA
index were measured as reported previously (Ohira et al., 2003).
This study was approved by the Institutional Review Board of
Chiba Cancer Center.

Subcloning of human RET (RET9)

Human RET9 (Crowder et al., 2004) full-length cDNA was a
kind gift from Dr Hideki Enomoto (RIKEN Center for
Developmental Biology, Hyogo, Japan). RET9 cDNA frag-
ment (3.4 kb) was sub-cloned into the NotI site of CSII-CMV-
MCS-IRES2-Bsd vector, which had been altered to accept the
Xbal and HindIII ends.

Cloning of human RET promoter

Human RET promoter 1.5kb (=919 to + 550, position + 1 is
the transcription start site determined in a previous report
(Itoh et al., 1992)) was amplified from human genomic DNA
using Platinum Pfx polymerase (Invitrogen) with primers
(described in Supplementary Table 1S) by PCR amplification
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Abstract
N;l:oblastoma; Background/Purpose: It has previously been shown that neuroblastomas with favorable prognosis often
gua; ﬁtativ& PCR: i express a high level of nerve growth factor receptor trk4. We performed an expression analysis of #7k4
Recliip PCR Y in 106 NB samples based on the quantitative real-time polymerase chain reaction (PCR) and reevaluated

the prognostic power of #rkA.

Materials and methods: A total of 106 primary tumors from NB patients treated from 1988 to 2009 were
analyzed. MYCN was amplified in 13 cases. TagMan probe method was used for quantitative PCR.
Primers and probes were designed to detect k4 I and #k4 II, but not the oncogenic splice variant k4 II1.
Results: Expression analysis by real-time PCR revealed a wide range of expression levels of trk4 within
neuroblastoma tissues. Extremely low levels of trk4 that were undetectable by semiquantitative PCR were
able to be quantified by this method. r7k4 was predominantly expressed in tumors with favorable outcome.
Further analysis of #7k4 expression was performed in a cohort excluding mass-screened neuroblastomas.
Strikingly, multivariate analysis containing age, MYCN status, and trkd4 expression identified trkA4 as the
only variable that independently predicts the prognosis of the 44 patients who presented clinically.
Conclusion: High-resolution expression analysis targeting #rk4 and trkA Il may add more statistical power
on trkA as a biological marker.
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Neuroblastoma is one of the most common extracranial
solid tumors in children and originates from the sympathoa-
drenal lineage derived from the neural crest [1]. The
prognosis of neuroblastoma patients older than 1 year tends
to be poor, whereas that of patients younger than 1 year is
usually favorable, with tumors having a potential to
differentiate or to regress spontaneously [2]. Previous studies
have shown that the biological behavior of neuroblastomas is
strongly regulated by neurotrophins and their receptors [3].
trkA encodes the high-affinity receptor of nerve growth factor
(NGF) and is predominantly expressed in neuroblastomas
with favorable prognosis [4-11]. Primary culture studies have
shown that NGF induces terminal differentiation of favorable
neuroblastomas in vitro, suggesting that NGF signals regulate
differentiation and growth arrest of #rk4-expressing neuro-
blastomas [3,12]. However, in a recent study, Tacconelli and
colleagues [13] demonstrated that a novel splice variant of
trkA, in which exons 6, 7, and 9 are deleted, yields a product
that lacks the functional extracellular IG-C1 and N-
glycosylation domains, and exhibits spontaneous tyrosine
kinase activity that leads to oncogenic signals. In contrast to
the previously known isoforms #k4 I and trkA 11, this newly
identified product, named kA4 111, is unresponsive to NGF,
and antagonizes the differentiation/regression signals of
NGF/TrkA.

The quantitative TagMan real-time polymerase chain
reaction (PCR) system determines the initial copy number of
the target gene by a kinetic analysis of the cycle-to-cycle
change in the fluorescence signal as a result of the
amplification of the template during PCR. The method has
gained reliability in highly sensitive quantification of
genomic copies and mRNA expression in diverse fields of
biology. The aim of this study was to analyze the expression
of kA in neuroblastomas using this highly dependable
method and to reevaluate the prognostic significance of #kA4
expression in neuroblastomas treated in a single institute. The
analysis was designed to detect the nononcogenic #44 1 and
trkA 11, but not trkA 1I1.

1. Materials and methods
1.1. Patients and treatment

The 106 patients with neuroblastomas analyzed were
treated at the Chiba University Hospital from 1988 to 2008.
The median follow-up period after diagnosis for the surviving
children was 137 months (range, 13-251 months). The
patients were staged according to the International Neuro-
blastoma Staging System (INSS) [14]. Of the 106 cases, 30
were diagnosed at an age older than 365 days and the
remaining 76 were younger than 365 days; 62 of the 76
infantile patients were identified by the Japanese Neuroblas-
toma Mass Screening System [15]. Patients were treated
mainly following the Japanese study group protocols for
neuroblastoma [16,17].

1.2. Real-time quantitative reverse
transcriptase-PCR

Written informed consent was obtained for the laboratory
analysis according to the institutional requirements before
the surgery. Total cytoplasmic RNA (5 ug) extracted from
tumor samples was reverse transcribed using Ready-To-
Go You-Prime First-Strand Beads (GE Healthcare UK
Ltd, Amersham Place, England) and random hexanucleo-
tide primers. Primers and probes for the real-time
quantitative PCR were designed based on the Universal
Probe Library. The sequences of primers and probes were
as follows: trkA—forward primer, 5-TGCAGTGT-
CATGGGCAAG-3’; reverse primer, 5-GAGAAGGG-
GATGCACCAGT-3’; TagMan probe, Universal probe
library no. 45; GAPDH—forward primer, 5-AGCCA-
CATCGCTCAGACA-3’; reverse primer, 5'-GCCCAA-
TACGACCAAATCC-3’; TaqMan probe, Universal probe
library no. 60. The primer set for #rkA4 flanks exons 6 and 7,
and probe no. 45 hybridizes within exon 7. As a result, the
system solely detects the expression of trk4 I and kA 11, but
not the oncogenic kA4 111, in which exons 6 and 7 are deleted
[13]. Light Cycler Real-time PCR system (Roche Applied
Science, Tokyo, Japan) was used for quantitative PCR.
Reactions were performed in a final volume 25 uL, and each
sample was analyzed in duplicate. Each reaction mixture
contained 0.1 pmol/uL Universal probe, 0.2 pmol/uL each
primer, 1 x TagMan PCR master mix, and 16.5 ng DNA.
Thermal cycling was initiated with a denaturation step of
10 min at 95°C and then 40 cycles of 2-step PCR consisting of
95°C for 5 seconds and 60°C for 1 minute.

1.3. MYCN amplification and DNA ploidy

Amplification of MYCN was quantified by either
Southern blot analysis or real-time PCR according to the
previously described methods [18]. Tumors with MYCN
gene amplification of 10 copies and more were categorized
as MYCN-amplified tumors. DNA ploidy was assessed by
FACS analysis calculating the ratio of propidium iodide
fluorescence of the tumor cells against normal control.

1.4. Statistical analysis

Comparison of #rkA/GAPDH ratio among 2 stratified
groups (alive and well vs dead, MYCN amplified vs
nonamplified, age younger than 1 year vs older 1 year,
diploid vs nondiploid, favorable histology vs unfavorable
histology) was performed by Wilcoxon rank test. Correlation
between trk4 and age was analyzed by Spearman rank
correlation test. Survival curves were constructed according
to the methods of Kaplan and Meier, and comparisons of the
survival curves were performed with a log-rank test.
Multivariate analyses were performed with the use of a
Cox proportional-hazards regression model to identify
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Fig. 1  Expression of #7kA in alive and dead patients.

variables that were independently predictive of outcome. All
statistical analysis was reviewed by a medical statistician
(referred in Acknowledgments).

2. Results

2.1. Expression of trkA in primary neuroblastomas
via quantitative PCR

The expression of kA4, excluding its oncogenic isoform
trk4 111, was assessed in 106 primary neuroblastoma
samples. All samples were normalized by the expression
of GAPDH using the corresponding cDNAs. The results of
trkA expression are thus shown in the ratio of #k4/GAPDH.
The PCR ratio ranged from 3.26 x 107 to 1.98 x 102
(median, 0.753). The patients who were alive and well

doing (n = 89; median #rkA/GAPDH ratio, 0.94)
expressed significantly higher levels of #kA compared
to those who died (n = 17; median #7kA/GAPDH ratio,
0.02) (Fig. 1; P = .019).

2.2, Expression of trkA and correlation to known
prognostic factors

Younger patients had tumors with significantly higher
expression of trkA (Spearman rank correlation test; P =.028:
data not shown). Among the patients younger than 12
months, 72 (94.7%) of 76 tumors showed high k4
expression (rrkA/GAPDH ratio >0.1), whereas in patients
older than 12 months at diagnosis, only 14 (46.7%) of 30
tumors had high #rk4 expression. Low-staged tumors
predominantly expressed high levels of #rk4, whereas
advanced staged and metastatic cases expressed lower levels
of trkA (median trkA/GAPDH ratio; stage 1, 1.25 [n = 43],
stage 2, 0.98 [n = 24], stage 48, 0.75 [n = 6], stage 3, 0.27
[n = 8], stage 4, 0.039 [n = 25]) (Fig. 2). Stage 1, 2 and 4S
tumors expressed statistically higher levels of k4 com-
pared with stage 3 and 4 tumors (P < .001). MYCN gene
amplification also had a strong inverse relationship with
trkA expression (Fig. 2, P = .015). MYCN nonamplified
tumors expressed significantly higher levels of #rk4 (n = 93;
median trkA/GAPDH ratio, 0.94) compared to amplified
tumors (n = 13; median t#k4/GAPDH ratio, 0.015).

Among the 106 cases analyzed, DNA ploidy and
histopathology (Shimada category) were assessed in 57
cases. Diploid tumors express lower levels k4 (n = 13;
median #kA/GAPDH ratio, 0.13), whereas nondiploid
tumors significantly expressed higher levels of k4 (n =
44; median rkA/GAPDH ratio, 0.80) (Fig. 2; P = .011).
Regarding histopathology, tumors with favorable histology
expressed significantly higher levels of #k4 (n = 48; median
trkA /GAPDH ratio, 0.85) compared with unfavorable
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Fig. 2 Expression of #rkA in MYCN nonamplified and amplified neuroblastomas, INSS stage groups, diploid and nondiploid tumors, and

favorable/unfavorable histopathology categories.
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Table1 Resulis of univariate analysis of overall survival in 44

neuroblastoma patients presenting clinically
Variables Noof  3yroverall P
: _patients  survival (%)
MYCN status : 005
Nonamplified 31 809
Amplified 13 449
Age e » : <001
<365 days 16 100
>365 days 28 559 ‘
trkA / GAPDH ratio : =001
>median 22 b4y e
<median 2 g e
Stage : : :
1,2, or 48 16 H400 .
Jord 28 55.9 :
Shimada histopathologic : 0173
category : o
Favorable : 16 93.3
Unfavorable 13 51.9
DNA ploidy 0046
Diploid ~ 9 47.6

Ohers =0 =8 gy 94.1

tumors (n = 9; median #rkdA /GAPDH ratio, 0.0066)
(Fig. 2; P = .0077).

2.3. Prognostic value of trkA in clinically
presented neuroblastomas

The cohort of the current study included 62 cases that
were detected by the Japanese Neuroblastoma Mass
Screening System, which are known to have a very good
prognosis. To assess the true prognostic value of #kA4 on
an internationally comparable basis, we further excluded
the cases detected by mass screening from the analysis and
evaluated the expression of #kA4 in the 44 cases that
presented clinically. Univariate analysis of previously
known prognostic factors, along with the expression of
trkA (below and over the median PCR ratio) was analyzed
by comparing the survival curves of each variable using
log-rank test. The results are shown in Table 1. MYCN
amplification, age of 365 days or older, #7k4A/GAPDH ratio
less than median, INSS stage 3 or 4, Shimada histopath-

Table 2 Results of Multivariate Cox Model of Overall
survival for age, MYCN status and trkd4 expression in 44
clinically detected neuroblastoma cases :

Variables Hazard ~ 95% Confidence P
Ratio  Interval

Age >365 days 6220  0.801-48.296 0805

MYCN amplified 1.190 04153409 7461

trkA | GAPDH <median  9.204

1.82646.381 0071

ologic category unfavorable, and diploid tumors were all
identified as significant predictors of poor prognosis. Next,
Cox proportional hazard test was carried out to clarify the
independent impact of each factor on the prognosis of the
44 patients presenting clinically. The results of propor-
tional hazard models are listed in Table 2. Among MYCN
status, age, and #rkA expression, only low #7kA4 expression
was identified to independently predict poor prognosis
(Table 2; P = .0071). MYCN amplification and age older
than 1 year were no longer significant. Clinical stage was
not assessable in this series because there were no deaths
in stage 1, 2, and 4S category. In addition, within the 26
cases in which data for Shimada histopathology category
and DNA ploidy were available, there were no deaths in
both the high #7k4 expression group and the younger age
group (<365 days). Therefore, it was not possible to
perform multivariate analysis containing histopathology
and DNA ploidy as variables.

3. Discussion

trkA as a prognostic factor of neuroblastoma was
reevaluated using a highly sensitive expression analysis in
the present study. Our results reconfirm the previous reports
that the expression of #rkA has statistical power to predict the
patient’s prognosis, and furthermore suggest that high-
quality analysis of trkA expression, particularly of the trkA 1
and II isoforms, may add more statistical power compared to
the previous trkA expression analyses [9-11,19].

Among the previous reports in which #rk4 expression in
neuroblastomas were studied, early studies measured the
expression mainly by Northern blot analysis or semiquan-
titative PCR [4-6,9]. The advantage of real-time PCR
compared to these methods is speed, as well as sensitivity
and accurate quantification. Particularly, TaqgMan real-time
PCR method yields high specificity compared to SYBR
green real-time PCR method because of the minimum risk
of nonspecific detection of amplified targets. The range of
trkA expression detected by TagMan real-time PCR was by
far wider compared with that of our previous study
performed by semiquantitative PCR. We compared the
PCR ratio obtained by the current real-time PCR method
with that obtained by the previous semiquantitative method
[9] in 94 corresponding tumors. The PCR ratio ranged from
0 to 1.38 (trkA/B,-microglobulin) by the previous method,
whereas by real-time PCR, the range of the PCR ratio was
as wide as 3.26 x 107 to 1.98 x 10? (trkd/GAPDH). We
also found that the ability of real-time PCR to detect very
low levels of trkA was superior. The sensitivity of
expression analysis may be critical in stratifying patients
according to risk, and therefore real-time PCR may be
optimal for such expression analyses.

In the current study, high 7«4 expression was linked with
better prognosis of the patients. Tumors of patients in younger
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ages express significantly higher levels of #kd. MYCN
nonamplified tumors, INSS stage 1, 2, and 4S, favorable
histology, and nondiploid tumors also correlated to high
expression of trkA. In univariate analysis of clinically
detected neuroblastomas, previously known prognostic
factors, such as MYCN amplification, INSS staging, patient’s
age, DNA ploidy, Shimada histopathology categories, and
trkA expression, showed significant impact on the survival of
patients. These results agree with most of the previous reports
that studied #7k4 expression in neuroblastomas [4-11]. The
most striking finding in our study was that among age, MYCN
status, and #rk4 expression, trkd expression was solely
identified as an independent prognostic factor in the in the
clinically detected patient group.

In the current study, we identified the expression level
of the previously known k4 1 and trkd 11 splice
variants, but not the recently identified isoform kA4 III,
which has been reported to regulate oncogenic signals in
normal cells as well as neuroblastomas [13]. Thus, this
study has analyzed the putatively “purely antioncogenic”
counterparts of #rkA. We reviewed the primer sequences
of the recent articles that quantitatively analyzed trkA
expression by competitive PCR or real-time PCR in
neuroblastomas and found that most of these studies have
designed primer sets to detect all splice variants of trk4,
including the oncogenic kA 111 [10,11,19]. Therefore, the
true prognostic value of #744 may be underestimated in
these studies because aggressive neuroblastomas with
high trkA 111 expression might also be interpreted as frkA
expressing tumors.

The recent report by Shimada and colleagues [11]
evaluated the prognostic value of #rk4 in neuroblastomas in
a relatively large cohort. The study consists of kA4
expression analysis by competitive PCR in 265 neuroblas-
toma samples. The authors conclude that k4 expression
differs significantly between the alive and dead patient
groups but does not add significant information to
prognostic grouping, as defined by the combination of
clinical stage, histopathology, and MYCN status. However,
there are some factors that need consideration in the
interpretation of their results. First, as mentioned above, the
primer sets are designed to detect all splice variants of k4,
including trkA4 1I1. Second, the method used in the study is
competitive PCR, which has been proved to be quantita-
tive, but yet requires post-PCR manipulations that may
affect the measurement of the copy number. Third, the trk
copy number is not normalized by a reference gene.
Regardless of the method used, normalization is widely
accepted to be essential to allow accurate comparisons of
the results between different samples and conditions [20].
Normalization with internal reference gene is used to
control for technical and biological variations introduced
during both sample preparation and detection by reverse
transcriptase-PCR [21]. It is possible that by refining these
effects, frkA might gain more statistical power even in large
cohort studies.

Our current analysis also needs refinement. The cutoff of
high and low #%kA4/GAPDH ratio is defined by the median
value of the cohort in this analysis. It is warranted to identify
a universal expression marker that provides an optimal cutoff
value to stratify the patients’ prognosis.

In conclusion, reevaluation of frk4 expression by
innovated sensitive and accurate PCR methods may provide
further information on the prognostic value of k4. Our data
suggests that trkA may have more impact on prognosis of the
patients than previously reported by studying the expression
of trkA 1 and 11, but not #kA I1I. A fine analysis with a large
cohort is needed to validate our findings.
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