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ABSTRACT

Ncuroblastomas often undergo spontaneous differentiation and/or re
gression in vivo, which is at least partly regulated by the signals through
neurotrophins and their receptors. Recently, glial cell line-derived neuro-

trophic factor i<.DM i and a second family member, neurturin (NTN),

have been found to mediate their signals by binding to a heterotetramcric
complex of c-Ket tyrosine kinase receptors and glycosylphosphatidylinosi-
tol-linked proteins, GFRa-1 (GDNFR-a) or GFRa-2 (TrnR2/GDNFR-/3/
NTNR-0/RKTL2). Here, we studied the effect of GDNF and NTN on
human ncurohlastomas in the short-term primary culture system, as well
as the expression of c-Ret, GFRa-l, GFRa-2, GDNF, and NTN. GDNF
(1-100 ng/ml) induced morphological differentiation in 34 of 38 primary
neuroblastomas and an accompanying increase in c-Fos induction. These
effects were markedly enhanced by treatment with 5 ;<\i all-/ran.v-retinoic

acid. Although GDNF alone induced a rather weak differentiation inde
pendent of the disease stages, the enhancement of neurite outgrowth
induced by treatment with both GDNF and all-fra/i.v-rctinoic acid was
significantly correlated with younger age (less than I year; P = 0.0039),
non-stage 4 diseases (/' = 0.0023), a single copy of N-m.vc (/> = 0.027), and
high levels of TRK-A expression (/' = 0.0062). To examine the expression

levels ofGFRat-I, we cloned a short form of the human GFRa-1 gene with
a 15-bp deletion by screening a human adult substantia nigra cDNA
library. Many primary neuroblastomas expressed c-Ret, GFRa-I, and
(Ã¬FRa-2as well as their ligands, GDNF and NTN, suggesting the presence

of a paracrine or autocrine signaling system within the tumor tissue. The
effect of NTN on primary culture cells of neuroblastoma was similar to
that of GDNF. These imply that the GDNF(NTN)/c-Ret/GFRa-l(GFRÂ«-2)

signaling may have an important role in regulating the growth, differen
tiation, and cell death of neuroblastomas.

INTRODUCTION

Neuroblastoma is one of the most common pediatrie tumors and
originates from the sympathoadrenal lineage derived from the neural
crest ( 1). The prognosis of neuroblastoma patients over 1 year of age
tends to be poor, whereas that of patients under 1 year of age is usually
favorable, with tumors having a potential to differentiate or to regress
spontaneously (2). Recent studies have revealed that growth, differ
entiation, and programmed cell death of the developing neural crest-
derived cells are strongly regulated by NTs' and their receptors (3, 4).
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We and other investigators have shown that TRK-A. a high-affinity

receptor for NGF, is expressed in neuroblastomas with favorable
prognosis and may regulate the differentiation and/or regression of the
tumor (5-8). On the other hand, TRK-B, a receptor for brain-derived
neurotrophic factor (BDNF) and NT-4. is frequently expressed in
tumors with N-/HVCamplification, which may promote cell survival

and increase the invasive activity in an autocrine or paracrine manner

(9).
Several secretory proteins that are not structurally related to the

NTs are also able to support the survival of particular neurons. These
include ciliary neurotrophic factor (10), basic fibroblast growth factor
(11), leukemia-inhibitory factor (12), midkine (13), pleiotrophin (13,

14), and GDNF (15). The second GDNF family member, NTN, has
also been cloned (16). GDNF and NTN are distantly related members
of the transforming growth factor ÃŸfamily. GDNF is a potent survival
factor for midbrain dopaminergic neurons and motoneurons as well as
sensory and autonomie neurons of the peripheral nervous system
(17-22). The functional receptor for GDNF has recently been identi
fied as a heterotetrameric complex of a proto-oncogene. Ret. and a
novel glycosylphosphatidylinositol-linker protein, GFRa-1 (GD
NFR-a; Refs. 23-26). In addition, a novel glycosylphosphatidylinosi-
tol-linker receptor. GFRa-2 (TrnR2/GDNFR-0/NTNR-a/RETL2),
has also been cloned (27-31 ).

Ret is a receptor tyrosine kinase that is expressed in several cell
lineages including sympathetic neurons and adrenal chromaffin cells,
from which neuroblastoma originates (32). Ret signaling is necessary
for the differentiation of neuronal precursor cells to mature autonomie
neurons. In familial medullary thyroid carcinomas and multiple en
docrine neoplasias type 2A and 2B, germ-line mutations of Ret were

identified (33, 34), whereas a loss of function mutations of Ret has
been observed in Hirschsprung's disease, a congenital aganglionosis

of the intestine (35, 36). However, in neuroblastomas, the role of Ret
has been unclear, despite the fact that the Ret proto-oncogene is

frequently expressed in primary neuroblastomas and cell lines (8, 37,
38). The discovery that GDNF binds to the receptor complex of Ret
and GFRa-1 has enabled us to study the functional role of GDNF

signaling in neuroblastoma.
In the present study, we cloned a variant form of human GFRa-1

with a 15-bp deletion (GFRa-l-15del) in the open reading frame. The
genes encoding the receptor complex of c-Ret and GFRa-1 or
GFRa-2 and their ligands, GDNF and NTN, were frequently ex

pressed in primary neuroblastoma tissues. GDNF as well as NTN
induced morphological differentiation of many neuroblastomas in the
primary culture system, which was markedly enhanced by treatment
with RA. However, the grade of morphological differentiation in
duced by the concomitant treatment with GDNF and RA was much
weaker in aggressive neuroblastomas than in nonaggressive tumors.
Our data suggest that the GDNF/NTN signaling may play an impor-

2158

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/10/2158/2466306/cr0580102158.pdf by guest on 19 M

ay 2023



GDNF/NTN-INDUCED DIFFERENTIATIONIN NEUROBLASTOMA

Table 1 Expression of TRK-A and CDNF receptors and response to NGF, RA, and GDNF in iti primary neurobliislomus in priman- culture

Case StageOrigin"12345678910111213141516MediastinumAdrenalAdrenalAdrenalAbdomenMediastinumAbdomenAbdomenPelvisAdrenalAdrenalAdrenalAdrenalAbdomenAbdomenAdrenal1

7 2Abdomen18
2Abdomen19
2Mediastinum20
2Mediastinum21
2Mediastinum22
2Mediastinum23
4sMediastinum24
3Adrenal25
3Pelvis26
3Pelvis27
4Adrenal28
4Adrenal29
4Adrenal30
4Adrenal31
4Adrenal32
4Abdomen33
4Abdomen34
4Adrenal35
4Adrenal36
4Adrenal37
4Adrenal38
4 AdrenalAge

(mo)117g87779156779077g973109711747712g12Ig533614314Ig27MSh++++++++++â€”++â€”+++++â€”+++â€”â€”+â€”+â€”-â€”â€”â€”-â€”â€”--N-mvr'(copy)AmplifiedAmplifiedAmplified1AmplifiedAmplified1AmplifiedAmplifiedDNAploidy''AAAAAAAAATAADAAAATAAAAADAADDADDTDDDDDDTRK-Aexpression'HHHHHHHHHHHHHMHHHHHHHHHHHHLLHLLLLLLNDNDLExpression

of GDNFreceptors'1'P^tp/lpcjÂ»
(nNGF^

c-Ket GFRa-\GFRa-l-I5del4+

+ ++3+
+ ++3+
+ ++3+
+ ++2+
+ ++3+
+ ++3+
+ ++4+
+ ++2+
++3+
++2+
+ ++4+
+ ++3+
+ ++4+
+ ++4+
+ ++3+
+ ++4+
+ ++3+
++3+
+ ++2+
+ ++1+
+ ++2+
+ ++3-1-
+++4+

+ ++0
+ ++2+
+ ++1+
+ ++1+
+ ++3+
+ ++2+
+ ++0
+ ++2+
+ ++0
-1- ++0
H- ++0
+ ++3+

ND NDND1+
+ ++0
+ +â€¢ +RA''2

+3+3+002+03+2+01

+1
+2+1

+2+2+0Toxic01

+1
+001+01

+Toxic00Toxic03

+01

+Toxic2+0ToxicResponse

toGDNF

RA2+1

+3
+02+2+1+3+2+2+1

+2
+01

+2+2+2+2+3+1

+2+1

+2+2+1

+02+2+2+1+1+2+1

+1
+01

+1
+1

++

GDNF3+4+3+2+3+3+2+4+3+3+3+4+4+4+4+4+1

+2+3+3+3+1+2+4+3+3+01+1

+2+04+1

+3
+03+2+2

+
" Abdomen, abdominal sympathetic ganglion; adrenal, adrenal gland.
h +, found by a mass screening system for neuroblastomas at the age of 6 months; â€”¿�.sporadic neuroblastoma.
' Amplified, 210 copies.

A, anueploid; D. diploid: T. tetraploid.
' H. high TRK-A expression (higher than the expression level of the CHP-901 neuroblastoma cell line detected by Northern blot analysis); L. low TRK-A expression (lower than

CHP-901); ND, not done.
^0, no response; 1+. mild response; 2 + . moderate response; 3 + , strong response; 4 + . very strong response (see "Material and Methods").

* +, detectable by RT-PCR; ND, not done.
h Toxic, toxic effect.

tant role in regulating the differentiation and survival of neuroblasto-

mas in vivo in an autocrine and/or paracrine manner.

MATERIALS AND METHODS

Neurotrophic Factors and cDNA Probes. Mouse NGF was a generous
gift from Eugene M. Johnson. Recombinant human GDNF was purchased
from Pepro Tech, Inc. (Rocky Hill. NJ), dissolved in 1x PBS with 0.1% BSA.
and stored at â€”¿�80Â°Cuntil use. Recomhinant mouse NTN was a gift from

Genentech, Inc. (South San Francisco, CA). The following cDNA probes were
generous gifts: the N-mvc probe was from J. Michael Bishop; the human
TRK-A probe was from Luis Parada; the human c-Ret probe was from Minako
Nagao; and the probes for c-Fos and NGFI-A were from Jeffrey D. Milbrandt.

Primary Tumor Samples and Cell Lines. All tumor samples were ob
tained from surgical biopsies or resections of the untreated tumors except for
case 35, whose tumor cells were collected by bone marrow aspiration. The
samples obtained were stored at 4Â°Cand immediately sent to the Chiba Cancer

Center Research Institute. A total of 38 samples ( 16 stage 1, 6 stage 2. 1 stage
4s, 3 stage 3, and 12 stage 4) were available for the primary culture testing the
effect of GDNF and RA. Because our study had already started before NTN
was identified, the effect of NTN was examined using another set of 17
primary neuroblastomas. All diagnoses of neuroblastoma were confirmed by
the histological assessment of surgically resected tumor specimens. The tumors
were staged according to the International Neuroblastoma Staging System
(39). The characteristics of neuroblastoma cell lines (SMS-KCN. RTBM-1.

LA-N-5, SH-SY5Y, OAN, NGP, NLF, CHP901. TGW. and NMB) were

described previously (9. 40). and the cells were cultured in the RPMI 1640
(Life Technologies. Inc.. Gaithersburg. MD) with 107r heat-inactivated fetal
bovine serum and 100 fig/ml kanamycin at 5% CO2/959f air at 37Â°C.

Primary Cultures of Neuroblastomas. RPMI 1640 with 10% heat-inac

tivated fetal bovine serum. 100 /Â¿g/mlOP1 (Sigma Chemical Co.. St. Louis,
MO), and 100 jig/ml kanamycin was used as a standard culture medium. Fresh
tumor tissue (0.2-0.5 g) was cut into small pieces and incubated in the

standard medium containing 500 units/ml collagenase (Sigma Chemical Co.)
for 30 min at 37Â°Cat 5% CCK/95% air on a 100 X 20-mm polystyrene tissue

culture dish (Becton Dickinson. Lincoln Park, NJ). The tumor cells were
dispersed using a plastic syringe with an 18-gauge needle, centrifuged at

250 x g for 5 min, resuspended in 10 ml of standard medium, and filtered
using an autoclaved metallic tea filter. The supernatant was layered gently on
top of 5 ml of lymphocyte separation medium (Organon Teknika Co., Durhan,
NC), and centrifuged at 1000 X g for 10 min. The cells at the interface were
collected, washed once or twice with standard medium, and then resuspended
in a proper amount of the same medium. The viable nucleated cells were
counted after staining with trypan blue (Sigma Chemical Co.). To evaluate the
effect of neurotrophic factors and other reagents on primary neuroblastoma
cells, 2-5 X IO5 cells in 1 ml of standard medium were incubated in a well

coated with type I collagen on 24-well tissue culture plates (Becton Dickin

son). The cells were treated with or without NGF (100 ng/ml). GDNF (100
ng/ml), or NTN ( 100 ng/ml) in the absence or presence of 5 /J.MRA (Sigma
Chemical Co.). The cells were incubated in 5% CO2/95% air at 37"C for at
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GDNF/NTN-INDUCED DIFFERENTIATION IN NEUROBLASTOMA

Fig. 1. Effect of GDNF ( 100 ng/ml) and RA (5 JÃŒM)
on surgically resected ncurohlastoma cells in primary
culture. A-f-\ primary culture cells obtained from a
favorable-prognosis neuroblastoma (case 16, stage 1)
on day 5. G-J, primary culture cells obtained from an

iiblasloma (case 32. stage 4) on day 7. A.
>r cells aggregate to form large clusters
e extension, fl. RA treatment induces
ingrowth. C a similar level of neurite

advanced neu
untreated tun
without neur
mild neurite
extension is also observed in cells treated with GDNF.
D, treatment of the cells with both CiDNF and RA
induces remarkable neurite outgrowth. E. cells treated
with I(X)ng/ml NGF. F. cells treated with both RA and
NGF. G-J. tumor cells scatter or form small clusters. A
small number of line neuntes are spontaneously ex
tended (G'l. However, treatment of the cells with GDNF

alone (/). RA alone (Hi, or RA + GDNF (/) has no
effect on the morphological differentiation.

',<â€¢- ./:|Y>

'

least 2 weeks. The grade of morphological differentiation was assessed by the
number of neuntes, the thickness of the neuritic rods, and the rapidness of the
induction of neurite extension, as compared with those of untreated control
cells on days 4 and 7 after starting the culture: (</) grade 0, no response to the
factor at all: (hi grade I +. a mild and gradual enhancement in the numbers and

thickness of outgrowing neuntes; (Â£â€¢)grade 2 + , moderate and gradual enhance

ment; dl) grade 3 + , strong and gradual enhancement: and (?) grade 4 + , strong

and fast enhancement.
For examining the mRNA induction of c-Ret. c-Ft>s. and NGFI-A. 1 X IO7

cells were suspended in 10 ml of standard medium and cultured in 150-mm
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ODNF/NTN-INDUCED DIFFERENTIATION IN NEUROBLASTOMA

Fig. 2. Effect of GDNF and NTN on favorable-
prognosis neuroblastoma cells (stage 1) in primary
culture. The pictures were taken on day 9 of culture.
A. cells were incubated in standard medium: fi. cells
were treated with GDNF (50 ng/ml); C. cells were
treated with NTN (50 ng/ml). In some primary neu-

roblastomas. the tumor cells responded betler to
NTN than to GDNF.

O LO
CM O CM
00 r- r-

' 00 <D CD 0)
CO i (y) C/5 LO

S I CO 03 03
00 00 U CJ CJ>

c-/?et
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-7.0 kb
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â€”¿�4.5
-3.9

GAPDH
Fig. 3. Expression of c-Rel mRNA in neuroblastoma cell lines and primary neuroblas-

tomas. Northern blot analysis was performed as described in "Materials and Methods."

Neuroblastoma cell lines tend to express higher levels of c-flcf mRNA compared with
primary neuroblastomas. Cases 32 and 12 express c-Rel. albeit at a very low level. As a

control for the amount of RNA. the same filter was rehybridi/.ed with GAPDH.

diameter polystyrene dishes with or without 5 /J.MRA in 5c/c CO2/95% air at
37Â°Cfor 3 days.

Southern and Northern Blot Analyses. N-mvr amplification was meas

ured by Southern blot analysis as described previously (5).
For Northern analysis, total cellular RNA was prepared according to the

method of Chomczynski and Sacchi (41 ). The expression of TRK-A and c-Fos

mRNA was examined as described previously (5, 6). Northern hybridization of
c-Ret was performed as reported previously (8). Northern hybridization of
GFRa-l was performed at 65Â°Cin a medium containing 10% dextran sulfate.
5X saline-sodium phosphate-EDTA. 5X Denhardt's solution, and 1% SDS.

RT-PCR Analysis. cDNA was synthesized from 5 ng of total RNA in a
20-/xl-volume reaction mixture containing 200 units of Superscript II reverse

transcriptase (Life Technologies. Inc.) and pd(N)6 random hexamer (Takara
Shuzo Co., Ltd., Otsu, Japan). The resulting cDNA fragments were diluted as
a 1:10 solution for PCR templates. The following pairs of forward and reverse
primer sets were prepared for amplification: GDNF. 5'-TCAGTTCGATGAT-
GTCATGG-3' and 5'-CACACCTTTTAGCGGAATGC-3' (PCR product size,
449 bp); NTN, 5'-ACGGTGCTGTTCCGCTACTG-3' and 5'-AAGGACAC-

CTCGTCCTCGTAG-3' (PCR product size, 158 bp); c-Ret, .V-AGACGTGG-
TACCTGCATCAGG-3' and 5'-CGTTGAAGTGGAGCAAGAGG-3' (PCR
product size. 281 bp); GFRa-l, 5'-CAGATATATTCCGGGTGGTCC-3' and
5'-TAATTCGTCTTGCAGGAGTCC-3' (PCR product sizes, 361 and 376 bp):

GFRa-2. 5'-GAATCCAACTGCAGCTCT-3' and 5'-AAGCAAGCCTGAA-
GATGTCC-3' (PCR product size. 280 bp): and GAPDH. 5'-CATCAAGAAG-
GTGGTGAAGC-3' and 5'-TCTTACTCCTTGGAGGCCAT-3' (PCR product

size, 240 bp). All PCR amplifications were performed with a Perkin-F.lmer

Corp. GeneAmp PCR System 96(X). using LA Taq polymerase (Takara Shuzo
Co., Ltd.) with 35 cycles of sequential denaturation (95Â°Cfor 20 s for c-Ret,
GFRa-l, GFRa-2. GDNF, and GAPDH and 98Â°C for 20 s for NTN) and
annealing-extension (64Â°Cfor 1 min for GFRa-l, 60Â°Cfor 1 min for GDNF.
68Â°Cfor 1 min for NTN. and 58Â°Cfor 30 s and 72Â°Cfor 1 min for c-Ret,

GFRa-2. and GAPDH). Products were electrophoresed on 8% polyacrylamide
gels or 3c/c agarose gels and stained with ethidium bromide.

DNA Ploidy. A small number of cells (2-5 X 10') prepared for primary

culture were used for measuring the DNA ploidy of the tumors. The peak of
propidium iodide fluorescence of the cells was measured using a Becton
Dickinson FACScan. The ratio against the peak intensity of normal lympho
cyte propidium iodide fluorescence was calculated.

Cloning of Human GFRa-l-lSdel. The 816-bp cDNA probe for GFRa-l
was made by the RT-PCR method using rat brain total RNA as a template
(forward primer. V-TCCTATGAAGAACGAGAGGC-3'; reverse primer, 5'-
AACTGCTTCTCAACGGAGC-3'). A human adult substantia nigra AZAPII

phage library (Stratagene) was screened. A single clone with a 2.8-kb insert
was isolated and sequenced. but it lacked the 5' end region of the GFRa-l open

reading frame. The full-length cDNA was obtained by the rapid amplification
of cDNA end (5'-RACE; Clontech Laboratories. Inc.. Palo Alto), using human

kidney Marathon RACE library (Clontech Laboratories. Inc.) as a template.
Statistical Analysis. For statistical analysis, patients were divided into

groups based on age (<I2 months versus a 12 months), stage (1,2. 3, and 4s
versus stage 4), N-mvc amplification (<l() copies versus s 10 copies). DNA
ploidy (diploidy + tetraploidy versus aneuploidy). and expression of TRK-A

(high versus low). Because all three stage 3 tumors were obtained from patients
less than 1 year of age. they were included in the favorable stages group.
Kruskal-Wallis tests were used to examine the possible relations between

clinical factors and GDNF responses. This test takes an ordered GDNF
response level into account, i.e., it offers an analysis r by c (r x c) contingency
tables in which the c columns have a natural ordering (e.g., no response, mild
response, moderate response, strong response, and very strong response).
Statistical significance was declared if the P was <0.05. Statistical analysis
was performed using StatXact 3 for Windows (CYTEL Software Corporation.
Cambridge. MA).

hGFRu-l-15del 121

hGFRÂ«-l 121

hGFRu-l-15del 146

hGFRu-1 151

YEPVNSRLSD

I! Ill Ml
YEPVNSRLSD

GNNCLDAAKA

inn
GNNCLDAAKA

IFRWPFIS- VEHIPK

III
IFRWPFISD VFQQVEHIPK
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Illllll I
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Fig. 4. Amino acid alignment of GFRa-l-15del (GenBank accession number U95X47)
and previously reported human GFRot-1 (23). Rum, amino acids deleted in GFRÂ«-I-l5del.
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GDNF/NTN-INDUCED DIFFERENTIATION IN NEUROBLASTOMA

Stage 4

GDNF

NTN

c-Ret

GFRa-1

GFRi,-2

Response
to GDNF

Fig. 5. mRNA expression of CDNF, NTN. c-Rel. CFRa-1, and GFRa-2 in primary
neuroblastomas detected by the RT-PCR procedure. The PCR products were electrophore-

sed on 8% polyacrylamide gels or 3% agarose gels and stained with ethidium bromide.
The expression of GAPDH is shown as a control. For CFRa-l. the upper band (PCR
product size, 376 bp) reflects the expression of GFRa-1, and the lower band (product size,
361 bp) reflects the expression of GFRa-l-15tlel.

RESULTS

Effects of GDNF and RA on Primary Neuroblastomas. A total
of 38 fresh neuroblastoma tissues obtained by surgery before treat
ment were processed directly for primary culture in vitro as described
in "Materials and Methods." The clinical features of the patients are

shown in Table 1. The untreated control cells usually formed clusters,
and most cells died within a week or so (Fig. IA). In some cases,
spontaneous neurite outgrowth was observed. The exogenous GDNF
(100 ng/ml) promoted cell survival and induced mild to strong dif
ferentiation in 34 of 38 cases (89%; Table 1; Fig. 1C). The cells
treated with GDNF adhered tightly to the collagen-coated dish and
survived for more than 4 weeks. The GDNF-induced neurite extension
usually started on day 2-3 and was enhanced thereafter by increasing

in number, length, and thickness. The morphological differentiation
was irreversible, because depriving the medium of GDNF did not
cause the withdrawal of neuntes and led the cells to die after several
weeks (data not shown). The dose-response study showed that 1 ng/ml

GDNF could induce neurite outgrowth from the tumor cells, reaching
a maximum at 10 ng/ml. NGF also induced remarkable morphological
differentiation in 32 of 38 cases (84%; Fig. 1Â£;Table 1). As compared
with the neurite outgrowth induced by treatment with NGF, that
induced by GDNF was less extensive.

The treatment of the primary neuroblastoma cells with 5 /J.MRA
induced relatively weak neurite outgrowth in 19 of 38 (50%)
tumors (1+-3+ in Table 1; Fig. IÃŸ).When the cells were treated
with both 5 /IM RA and 1-100 ng/ml GDNF simultaneously, a

striking neurite extension was induced (Fig. ID). Depriving the
medium of both RA and GDNF led the cells to die gradually
without reversing the effect. RA treatment also enhanced the effect
of NGF (Fig. IF).

Effect of NTN on Primary Neuroblastomas. The effect of NTN
(100 ng/ml) was compared with that of GDNF (100 ng/ml) in a
separate series of 17 primary neuroblastomas (seven stage 1, two stage
2, two stage 4s, four stage 3, and two stage 4 neuroblastomas). Fifteen
of 17 primary neuroblastomas responded to NTN by extending neu-
rites. The pattern of induction of neurite outgrowth by NTN was very
similar to that induced by GDNF (Fig. 2). In some neuroblastomas,
however, the induction of morphological differentiation produced by

NTN seemed more marked than that produced by GDNF. The neurite
extension induced by NTN was also markedly enhanced by the
treatment of cells with 5 /Â¿MRA.

Expression of c-Ret in Neuroblastomas. Previously, we and an
other group reported that the Ret proto-oncogene is frequently ex

pressed in many neuroblastomas independent of disease stages (8, 37).
The expression of c-Ret mRNA was examined by either Northern
analysis or RT-PCR. All 37 primary neuroblastomas expressed Ret
mRNA by the RT-PCR procedure (Table 1; Fig. 3; Fig. 5). Ret mRNA

was expressed in 8 of 10 neuroblastoma cell lines by Northern
analysis and in 9 of 10 neuroblastoma cell lines by the RT-PCR
procedure (data not shown). The levels of c-Ret expression in the

primary neuroblastomas were generally lower than those of the neu
roblastoma cell lines (Fig. 3).

Expression of GFRat-1 and GFRa-2 in Neuroblastomas. To
obtain a human GFRa-1 probe, we screened a human adult substantia

nigra cDNA library. The amino acid sequence of the gene we cloned
(GenBank accession number U95847) deleted five amino acids in the
coding frame with some amino acid substitutions, compared to the
recently reported human GFRa-1. Fig. 4 shows an amino acid align
ment of the novel isoform of human GFRa-1 (GFRa-i-15deÃ¯) with
the previously reported human GFRa-1.

The RT-PCR method was applied to examine the levels of expres
sion of GFRa-1 mRNA and GFRa-l-15del mRNA. The former was

expressed in 34 of 37 (92%) tumors, and the latter was expressed in
all 37 (100%) tumors (Table 1; Fig. 5). GFRa-2 mRNA was also

expressed in 35 of 37 (95%) primary neuroblastomas. In 10 neuro
blastoma cell lines, GFRa-1, GFRa-I-l5del, and GFRa-2 were ex-

RA

c-Ret

GFRa-1

- -7.0kb

-6.0

-4.5

-3.9

-10.0

B

RA(+)

GAPDH m*

10 20 25 30 35 40 (cycles)

- GFRa-2

- GFRa-2

Fig. 6. RA induces mRNA expression of c-Kei. but not of GFRa-I or GFRa-2, in a
favorable-prognosis neuroblastoma (case 16, stage 1) in primary culture. A. for the
expression of c-Ret and GFRa-1. cells were treated with 5 /IM RA in 5% CO2/95% air at
37Â°Cfor 3 days. The control untreated cells Â«erecultured for 1 day in the absence of RA

and harvested before starting to die. c-Rel expression is up-regulated by the RA treatment,
whereas the expression level of GFRa-1 is unchanged. As a control for the amounts of
RNA, the same filter was rehybridb.ed with GAPDH. B. to examine the expression of
GFRa-2, RT-PCR was performed as described in "Materials and Methods."
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GDNF

c-Fos

to NGF was significantly associated with younger age (P < 0.(XM)1),
non-stage 4 tumors (P < 0.001 ), a single copy N-wvc (P < 0.0004).
aneuploidy (P < 0.0066), and a high TRK-A expression (P < 0.0001 ).

Similarly, good responsiveness to RA + GDNF was well correlated
with younger age (P < 0.0039), non-stage 4 tumors {P < 0.0023). a
single copy N-mvc (P < 0.027), and a high TRK-A expression

(P < 0.0062), but not with aneuploidy (P < 0.09). The morphological
differentiation in response to GDNF alone or to RA showed signifi
cant correlation with none of the above-mentioned prognostic indica

tors.

NGFI-A

GAPDH

Fig. 7. Induction of the immediate-early genes c-Fos and NGFI-A after treatment with
GDNF in the primary culture of neuroblastoma (case 16. stage 1). Cells (1 X IO7) were

incubated in the presence of 5 Â¡J.MRA for 3 days and then treated with or without UHI
ng/ml GDNF for 40 min before harvesting. As a control for the amounts of RNA. the same
filter was rehybridized with GAPDH.

pressed by 50% (5 of 10), 70% (7 of 10), and 90% (9 of 10) of the cell
lines, respectively.

Expression of GDNF and NTN in Neuroblastomas. To examine
whether or not GDNF and/or NTN are expressed in the primary
neuroblastoma tissues. RT-PCR was performed. Representative cases

are shown in Fig. 5; 24 of 37 (65%) tumors showed a positive signal
for GDNF, and 28 of 37 (76%) showed a positive signal for NTN.
GDNF was expressed in 4 of 10 neuroblastoma cell lines, and NTN
was expressed in all neuroblastoma cell lines tested.

RA Induces Expression of c-Ret but not of GFRa-1 and
GFRa-2. We next tested whether the RA-induced enhancement of
neunte outgrowth is due to the induction of Ret and/or GFRa-1/
GFRa-2 or some other mechanisms. The stage 1 tumor cells in

primary culture, whose response to GDNF was enhanced by the RA
treatment, were harvested after treatment with 5 JU.MRA for 3 days.
The expression of Ret mRNA was dramatically increased, whereas
that of GFRa-1 and GFRa-2 was unchanged (Fig. 6). The induction
of c-Ret by RA treatment was also observed in representative neuro
blastoma cell lines in a dose-dependent and time-dependent manner

(data not shown).
Induction of c-Fos and NGFI-A. The primary cells from a stage

1 neuroblastoma were treated in the presence or absence of 5 JLIMRA
for 3 days at 37Â°C.Exogenous GDNF at a concentration of 100 ng/ml

induced the expression of the immediate-early genes c-Fos and
NGFI-A (Fig. 7).

Clinical Significance. Because the follow-up duration of the pa
tients with neuroblastoma studied here was too short (2-12 months),

the clinical significance of the effect of GDNF with or without RA on
neuroblastomas was evaluated in relation to age (<12 months versus
a 12 months), stage (1, 2, 3, and 4s versus stage 4), N-mvr amplifi
cation (<10 copies versus z\0 copies), DNA ploidy (diploidy + tet-
raploidy versus aneuploidy), and expression of TRK-A (high versus

low) according to the results shown in Table 1. Consistent with the
previous reports (5-7), the level of TRK-A expression was signifi

cantly decreased in stage 4 tumors (P < 0.001 ). Good responsiveness

DISCUSSION

The role of the c-Ret proto-oncogene in neuroblastomas is unclear;
however, c-Ret is frequently expressed in both primary neuroblasto

mas and neuroblastoma cell lines (8. 37, 38). The recent discovery that
a neurotrophic factor. GDNF. is a ligand for a heterotetrameric re
ceptor complex of c-Ret and GFRa-1 has allowed us to further
investigate the role of Ret (23-26). We found that neuroblastomas in

primary culture frequently respond to GDNF or NTN by extending
neurites. This responsiveness is correlated with the expression of both
c-Ret and GFRa-1 and/or GFRa-2 and is enhanced by treatment with
RA. This is especially prominent in favorable-prognosis groups of

neuroblastomas. The GDNF stimulation induced the expression of
immediate-early genes c-Fos and NGFI-A. RA treatment induced
c-Ret expression, but not GFRa-1 or GFRa-2 expression. In addition.
most primary neuroblastomas expressed GFRa-2. and the pattern of

the NTN effect on primary tumor cells was very similar to or even
stronger than that of GDNF. Thus, like NGF, GDNF and NTN may
play an important role in regulating the differentiation and/or survival
of neuroblastoma cells in concert with RA or possibly with RA-like

substances in vivo.
The most striking difference between the NGF/TRK-A signaling

and the GDNF(NTN)/Ret/GFRa-1 (GFRa-2) signaling in neuroblas

toma is the expression pattern of their receptor molecules. The ex
pression of TRK-A is very high in favorable-prognosis tumors,

whereas it is very low in advanced tumors, especially in tumors with
N-Ã•WVCamplification (5-7). In contrast, the expression of c-Ret and
GFRa-l or GFRa-2 is ubiquitous among all stages of neuroblastomas.

The second difference is that the induction of neurite outgrowth by
GDNF or NTN alone is rather weak compared to that induced by
NGF. However, when the cells are treated with both RA and GDNF
or NTN, the grade of induction of morphological differentiation was
similar to that induced by NGF. In addition, such enhanced respon
siveness is significantly prominent in favorable-prognosis neuroblas
tomas. These results suggest that favorable-prognosis tumors have an

intrinsic signaling machinery for cell differentiation and survival that
may be shared between NGF and GDNF or NTN. The present result
has also indicated that one of the mechanisms for the enhancement of
neurite outgrowth by RA may be an increase in the expression of Ret
receptor molecules. It is unclear why aggressive neuroblastoma cells,
as compared with favorable-prognosis tumor cells, have less potential

to differentiate in response to RA and GDNF.
The RT-PCR study has revealed that both GDNF and NTN mes

sages are present in the neuroblastoma tissues. Based on previous
studies, GDNF may be produced by stromal cells such as fibroblasts
and Schwann cells (20). A similar situation is found for NGF in
neuroblastomas (42). This would suggest that an increase in stromal
components accelerates tumor cell differentiation by supplying more
NGF and GDNF/NTN. This is in contrast to brain-derived neurotro
phic factor (BDNF) and NT-4. because they are produced from the

neuroblastoma cells in an autocrine or paracrine manner (9). GDNF
and NTN may also have an autocrine loop in neuroblastomas. because
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most neuroblastoma cell lines gave positive signals for these factors
by RT-PCR.

We have cloned a novel GFRa-1 isoform with a 15-amino acid

deletion that seems to be a product of alternative splicing. The
GFRa-l-I5del was expressed in parallel with GFRa-l in most pri

mary neuroblastomas. Because the effects of GDNF and NTN are
almost the same in primary neuroblastomas and neuroblastoma cell
lines, it is possible that both factors share a Ret tyrosine kinase
receptor, and that isoforms of the GFRa-1 receptor family define a

ligand specificity for GDNF family molecules (43).
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