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ABSTRACT

Nerve growth factor (NGF), essential for differentiation and survival of
sympathetic neurons is suggested to play a role in differentiation or re
gression of neuroblastoma. Expression of niKNA for the irk protoonco
gene, encoding a tyrosine kinase receptor essential for functional NGF
signal transduction, and inRNA for the low affinity NGF receptor (LNG-

FR) was examined in 45 neuroblastomas and 3 benign ganglioneuromas
using Northern blot analysis. Expression oftrk iiiRNA and LNGFR m RNA
correlated with young age, favorable clinical stages, and absence of N-myc
amplification. All children (n = 19) with neuroblastomas coexpressing

mRNA for irk and LNGFR are alive 8-84 months from diagnosis, regard
less of age and stage. In contrast, no child (n = 15) with tumor lacking irk

mRNA is alive without disease. Three subsets of patients were distin
guished, one favorable (trk + , LNGFR+ , n = 19, 100% survival proba
bility), one intermediate (trk â€¢¿�. LNGFR-, n = 11, 62.3% survival proba

bility), and one unfavorable (trk-, LNGFR +/-, n = 15, 0% survival
probability, /' < 0.001). In widespread neuroblastoma stage IVS prone to

spontaneous regression, three tumors coexpressing trk and LNGFR
mRNAs regressed after no or minimal therapy while the remaining tumor
expressing trk but not LNGFR mRNA progressed to a fatal outcome. It is
concluded that neuroblastomas coexpressing mRNA for both NGF recep
tor subtypes are favorable tumors likely to differentiate or regress spon
taneously or respond to conventional therapy. It is further hypothesized
that loss of functional NGF receptors is an important step in tumorigenesis
of undifferentiated malignant childhood neuroblastoma. For these unfa
vorable tumors current therapy remains futile and first-line innovative

therapy is justified.

INTRODUCTION
NGF3 is a 118-amino acid polypeptide essential for the develop

ment, differentiation, and survival of sympathetic and neural crest-

derived sensory neurons (1). NGF belongs to a family of related
molecules, known as the neurotrophins, which includes three other
characterized members: brain-derived neurotrophic factor (2, 3), neu-
rotrophin-3 (4-7), and neurotrophin-4/5 (8-10).

NGF responsive cells express specific cell surface receptors to
which NGF binds with either low or high affinity (11). However, high
affinity binding (Kd 10~" M) is necessary to mediate the biological

action of NGF (12). The low affinity NGF receptor (p75NGFR) is a
transmembrane glycoprotein (13, 14) binding NGF with a KÂ¿of 10~9

Mand having a cytoplasmic domain which has been suggested to be
required for high affinity binding and signal transduction (15, 16).
Recently, the tyrosine kinase receptor p!40lrk encoded by the trk

protooncogene (17) was shown to be an essential component of the
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high affinity NGF receptor (18, 19), necessary for functional NGF
signal transduction (20). However, there is disagreement as to whether
p!40lrk alone is able to bind NGF with high affinity (18) or whether
high affinity binding requires coexpression of p!40lrk and p75NGFR

(19, 21) (for an overview see Ref. 22).
Neuroblastoma, a neural crest-derived childhood tumor arising in

the sympathetic nervous system, shows a remarkable clinical hetero
geneity ranging from a favorable outcome due to spontaneous regres
sion or complete remission after minimal therapy to unfavorable out
come due to aggressive tumor growth in spite of intensive multimodal
therapy (23-25). NGF has been suggested to play a role in the ability

of differentiation and spontaneous regression of neuroblastoma (23,
26, 27). However, an early study on NGF given to children with
advanced neuroblastoma did not show any effect on tumor growth or
histological appearance (28). Recently, defects in LNGFR mRNA
expression, receptor binding, and NGF responsiveness were detected
in neuroblastoma cell lines (29). Furthermore, transfection of LNGFR
cDNA into a NGF nonresponsive neuroblastoma cell line resulted in
transfectants able to terminal differentiation after NGF treatment (30).
These findings (29, 30) indicate that lack of or defects in NGF recep
tor expression may play an important role in the maintenance of the
undifferentiated and proliferative behavior of advanced neuroblas
toma tumors.

In the present study we have investigated the expression of mRNAs
for irk and LNGFR in tumor tissue from childhood neuroblastomas
and ganglioneuromas. Our results show that neuroblastomas coex
pressing trk and LNGFR mRNAs constitute a subset with excellent
prognosis, supporting the hypothesis that NGF action is critical for
neuroblastoma differentiation and regression. Furthermore, the ab
sence of trk mRNA was found to characterize aggressive neuroblas
tomas with poor clinical outcome.

MATERIALS AND METHODS

Patient Material. Forty-eight children with tumors of neural crest origin

were included in the study, 45 with NB (pathological diagnosis of neuroblas
toma or ganglioneuroblastoma) and 3 with benign GN. Clinical staging of
children with NB was according to the criteria of Evans et al. (31 ). Survival for
children with NB was calculated from diagnosis to last follow-up (n = 27;
median, 24; range, 8-84 months) or to death (n = 18; median, 8; range. 1-30

months).
Sample Handling. Fresh tumor tissue was obtained at surgery in all chil

dren and quick frozen at -70Â°C. In 44 children only primary tumor tissue was

obtained, in 3 both primary tumor and metastasis were available, and in the
remaining child only metastatic tissue was obtained.

Northern Blot Analysis. Total RNA was prepared from these tumor sam
ples by homogenization in guanidinium isothiocyanate followed by centrifu-

gation through a CsCl cushion as described previously (32). Equal amounts (20
Hg) of total RNA were then fractionated in parallel on denaturing 1% agarose
gels containing 0.7% formaldehyde and 0.1 ug/ml of ethidium bromide. After
electrophoresis the ethidium bromide-stained gels were examined under UV

light to ensure equal amounts of RNA in each sample. RNA was blotted onto
nitrocellulose membranes and hybridized to a 2.7-kilobase EcoRJ fragment
from a human trk cDNA clone (17) and a 0.8-kilobase EcoRI fragment from
a human LNGFR cDNA clone (13). Probes were labeled with [a-12P]dCTP by
nick-translation to a specific activity of approximately IO9 cpm/ug. Hybrid-
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ization was performed overnight in 4X standard saline-citrate (IX standard
saline-citrate is 0.15 M NaCl-0.015 sodium citrate, pH 7.0), 40% formamide,
1X Denhardts solution, and 10% dextran sulfate). Filters were washed at 56Â°C

in 0.1 X standard saline-citrate-0.1% sodium dodecyl sulfate and exposed to
Kodak XAR-5 films at -70Â°C.

Southern Blot Analysis. Genomic DNA was extracted according to the
method of Blin and Stafford (33). Southern analysis was performed as reported
previously (34). As a hybridization probe the clone NB-19-21 containing
coding sequences of the human N-myc oncogene was used (35). N-myc am

plification was scored when the gene copy number per haploid genome was
three or more (36).

Statistical Analysis. Statistical analysis was performed using Fisher exact
test for 2 x 2 tables, x2 test for r x 2 tables, Wilcoxon Mann-Whitney test for

two independent samples, and Kruskal-Wallis test with multiple comparisons

for more than two groups. The median and interquartile range (median, lower
quartile-upper quartile) were used as measures of central tendency and varia

tion, respectively. Survival probability was calculated using the product limit
method of Kaplan and Meier (37) and compared using the Mantel-Haenszel
log-rank test (38).

Ethical Approval. The present study was approved by the ethical commit
tees of Karolinska Institute, Stockholm, Sweden, and University "La Sapien
za," Rome, Italy.

RESULTS

A 3.2-kilobase trk mRNA transcript was detected in 30 of the 45

NB and in 2 of the 3 ON (Fig. 1; Table 1). The highest levels of trk
mRNA expression were detected in NB at stage IVS and in some
localized tumors (Fig. 1, Lanes 3 and 7). A 3.9-kilobase LNGFR

mRNA was detected in 22 of the 45 NB and in all 3 GN but below the
limit of detection in the remaining 23 NB (Fig. 1; Table 1). In all three

children from which tissue was obtained at surgery from both primary
and metastatic sites, consistent results for trk and LNGFR mRNAs
were obtained in both samples. However, in one child with NB stage
IV, a higher level of trk mRNA was detected in metastatic tissue
compared to the primary tumor (Fig. 1, Lanes I and 2). In another
child with NB stage IV, neither the primary tumor obtained at surgery
nor metastatic tissue from the liver obtained at autopsy showed trk or
LNGFR mRNA (Fig. 1, Lanes 8 and 9). In one child with NB stage
I, samples from both undifferentiated blastic and differentiated gan-

glionic tissue showed similar levels of trk mRNA while LNGFR
mRNA was detected only in the blastic part (Fig. 1, Lanes 10 and // ).

Expression of trk mRNA was more common in NB at favorable
clinical stages (I, II, and IVS, 19 of 20) compared to advanced NB (III
and IV, 11 of 25, P < 0.001) (Table 1). LNGFR mRNA expression
was more common in NB at favorable stages (14 of 20) compared to
advanced NB (8 of 25, P = 0.01) (Table 1). Children with NB

expressing trk mRNA were younger at diagnosis than those with
tumors not expressing trk (Table 2, P = 0.003). Similarly, children

with NB expressing LNGFR mRNA tended to be younger than those
lacking LNGFR expression (Table 2; P = 0.3).

Trk and LNGFR mRNAs were significantly coexpressed in NB.
Among 45 tumors, 19 showed coexpression of trk and LNGFR
mRNAs, 11 expressed only trk, and 3 expressed only LNGFR (Table
1; P = 0.006, Fisher exact test). A favorable stage of disease was more

common in children with NB coexpressing trk and LNGFR mRNAs
(14 of 19) than with NB expressing only trk or LNGFR (5 of 11 and
0 of 3, respectively) or with NB expressing neither trk nor LNGFR
(1 of 12, P < 0.005, x2 15.32, d.f. 3; Table 1). Children with NB

Fig. 1. Northern blot analysis of trk and LNGFR
mRNA expression in tumor tissue from eight neur
oblastoma patients staged according to the criteria
of Evans (31). Lanes 1 and 2 and 8 and 9 are from
two patients for whom primary (P) and metastasis
(M) were analyzed, and Lanes 10 and // are from
blastic (B) and ganglionic (G) parts of the same
tumor. Lanes 5, 6. 8. and 9 are from N-myc-ampli-
fied tumors. Total cellular RNA (20 ug/lane) was
prepared from tumor tissue, fractionated on a 1%
agarose gels containing 0.7% formaldehyde and 0.1
ug/ml of ethidium bromide. After electrophoresis
gels were examined under UV light to ensure equal
amounts of RNA in each sample. RNA was trans
ferred to nitrocellulose filters and hybridized with
human cDNA probes for trk and LNGFR. The fil
ters were washed at high stringency and then ex
posed on X-ray films overnight (Irk) and for 7 days

(LNGFR). kb, kilobases.
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Table I Irk and LNGFK mRNA expression in neural crest rumors"

Irk LNGFR

a Summarized results from Northern blot analysis of mRNA expression for trk protooncogene and LNGFR.
h Stage according to criteria of Evans (31).
c N-mvr-AMPL, amplification of the N-mvr oncogene; see "Materials and Methods."

/r*/LNGFR

DiagnosisGNNB

1*NB

IINB
IIINB
IVNB
IVSAll
NBNB

N-mw-AMPLrNB

N-mvr-NONAMPLNB
favorable stage (I. 11,IVS)NB
advanced stage (III, IV)n36IO1312445IO352025+25III8343012"19II-1105401596114+3385332212114g-03289123914617+/+23832319019145+/-022511II11056-/+11)(121031203-/-01038012841II

Table 2 irk and LNGFK mRNA expression and age at diagnosis
Comparisons were made with two-sided Wilcoxon Mann-Whitney test. NB trk+ versus

NB irk-. P = 0.003; NB LNGFR+ versus NB LNGFR-, P = 0.3. NB /ri/LNGFR +/+
versus +/-, P = 0.82; NB /nULNGFR +/+ versus -/+. P = 0.13; NB frWLNGFR +/+ versus
-/-. P = 0.02; NB Ir/t/LNGFR +/- versus -/+, P = 0.12; NB rnWLNGFR +/- versus -/-.
P = 0.02; NB /rWLNGFR -/+ versus -I-, P = 0.95.

GroupAll

NBA11GNN

Blrk+NB
trk-NB

LNGFR+NB
LNGFR-NB

rnt/LNGFR+/+NB
wk/LNGFR+/-NB
(Â«ULNGFR-/+N

B mt/LNGFR-/-fi453301522231911312AgeMedian22601239172214166036(mos)Range0-14032-1320-1408-1370-1401-1370-1401-5110-875-137Interquartile

range6^181-3131-632-5011-392^1310-2211^6

expressing neither trk nor LNGFR mRNA were older than those with
tumors coexpressing trk and LNGFR (Table 2; P = 0.02).

N-myc amplification was detected in ten NB (four stage III, six

stage IV), with more than ten copies per haploid genome in all ten
tumors. Expression of trk and LNGFR mRNA, respectively, were
more common (P < 0.001 and P = 0.005) in nonamplified compared

to amplified tumors (Table 1). Eight of the amplified tumors showed
neither trk nor LNGFR mRNA (r 20.45, d.f. 3, P < 0.001 ) (Table 1).
In one amplified NB (stage III, child age 10 months) LNGFR mRNA
was detected (Fig. 1, Lane 6) while in the remaining one (stage III,
age 22 months) only trk mRNA expression was detected (data not
shown).

Survival probability according to the criteria of Kaplan and Meier
(37) for all 45 children with NB was 55.2 Â±8.4%. Analyzed by stage,
survival probability was 67, 100, 46, 26, and 75% for Evans' stage I,

II, III, IV, and IVS, respectively (data not shown). Analyzed by trk
expression, children with tumors expressing trk had a better survival
probability compared to those without trk mRNA (86.1 and 0%, x2

31.6, P < 0.001) (Fig. 2). Children with tumors expressing LNGFR
had a better survival probability compared to children without
LNGFR mRNA (85.4 and 18%, x2 14.1, P < 0.001) (Fig. 3). Survival

probability analyzed for the four subsets of children, coexpressing trk
and LNGFR (n = 19), expressing only trk (n = 11), only LNGFR (n
= 3), or neither trk nor LNGFR mRNA (n = 12) was 100, 62.3, 0, and

0%, respectively ()C 34.8, d.f. 3, P < 0.001, data not shown). How
ever, in children with tumors expressing trk the analysis of LNGFR
mRNA added further independent information (survival probability,
100% with LNGFR and 62.3% without LNGFR, P = 0.005) while

those with tumors not expressing trk had a poor outcome (survival

probability, 0%) regardless of presence of LNGFR mRNA or not (P =

0.97). Thus, with regard to outcome the combined analysis of trk and
LNGFR mRNAs discriminated three different subsets of patients: one
with excellent (trk/LNGFR +/+, survival probability 100%); one
with intermediate (/rfc/LNGFR +/-, 62.3%); and one with poor out
come (trk- 0%, x2 34.8, d.f. 2, P < 0.001 ) (Fig. 4). However, it cannot

be excluded that, due to the detection limits, the intermediate group is
an artifact and those patients should be segregated to the groups with
excellent or poor outcome, respectively.
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Fig. 2. Survival probability for children with neuroblastomas expressing trk protoon

cogene mRNA (Trk + . 86.1%, n = 30) and not expressing trk mRNA (Trk-, 0%, n = 15,
X2 31.6, P < 0.001). I, child alive at last follow-up.
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Fig. 3. Survival probability for children with neuroblastomas expressing LNGFR
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n = 23, x2 W.I, P < 0.001). I, child alive at last follow-up.
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Fig. 4. Survival probability for children with neuroblastomas coexpressing Irk mRNA

and LNGFR mRNA (Trk/LNGFR +/+. n = 19, 100%). expressing Irk but not LNGFR
mRNA (Trk/LNGFR +/-, n = 11, 62.3%) and without Irk mRNA expression (Trk-,
n = 15. 0%. x2 34.8, /> = 0.001). I, child alive at last follow-up.

Table 3 Irk and LNGFR mRNA expression and outcome in neuroblaslonia IVS

Patient" IrkLNGFR1

+++2
+++3

+++4
++ -OutcomeNED'NEDNEDDODFollow-up''721791

" Children with neuroblastoma stage IVS (31, 39) examined for trk protooncogene and

LNGFR mRNAs.
* Follow-up time in months from diagnosis.
' NED, no evidence of disease; DOD, dead of disease.

In tumor tissue from four children with NB stage IVS (39), very
high expression of irk mRNA was detected in all tumors (Table 3)
while none of these were amplified for N-mvc. All three NB IVS

coexpressing trk and LNGFR mRNAs showed clinical tumor regres
sion and favorable outcome after no or minimal treatment with radi
ation and chemotherapy. However, the only NB IVS not coexpressing
trk and LNGFR mRNAs progressed in spite of intensive therapy to a
fatal outcome.

DISCUSSION

The results presented here show that in childhood neuroblastoma
coexpression of mRNA for the trk protooncogene, encoding an es
sential component of the high affinity NGF receptor (18, 19) and
mRNA for the low affinity NGF receptor correlates with excellent
clinical outcome. Of 45 children with NB, failures (n = 18) were

encountered only among those with tumors lacking expression of trk
and/or LNGFR mRNA. Thus, NB coexpressing trk and LNGFR
mRNAs may be considered a subset likely to differentiate, regress
spontaneously, or respond favorably to conventional therapy.

We found a significant association of trk and LNGFR mRNA ex
pression with stage (Table 1) and age at diagnosis (Table 2) which are
known to be independent clinical prognostic factors in NB (40, 41).
However, favorable outcome for children coexpressing trk and
LNGFR mRNAs was true regardless of age and stage, including two
children with stage IV with skeletal mÃ©tastasesages 41 and 84 months
at diagnosis (alive 24 and 64 months, respectively, after conventional
therapy). Furthermore, the only children with favorable clinical stage
and poor outcome, two of six stage I and one of four stage IVS (Table
3), did not coexpress trk and LNGFR mRNAs. These results, together
with previous findings reporting unfavorable prognostic significance
of diploid DNA content and N-mvc amplification in localized NB and

NB IVS (42, 43), suggest that unfavorable biological features such as

lack of functional NGF receptors are sensitive predictors of poor
outcome in NB despite favorable age and stage.

An algorithm based on our results show that analysis of trk and
LNGFR mRNAs may predict favorable and poor outcome in two
subsets of NB patients while a minority remains in a group with
intermediate prognosis (Fig. 5). Among other biological factors it is
well known that amplification of the N-mvc oncogene implies a very
poor prognosis in NB (34, 36, 42-44). In this study all ten children

with amplified tumors died from their disease within 15 months from
diagnosis (survival probability 0% compared to 71.6%, x2 34.1, P <

0.001). However, the absence of N-mvc amplification does not ex

clude a poor outcome in a substantial portion of patients, in this series
8 of 35 children with nonamplified NB died. When combining anal
yses of N-mvc amplification and expression of trk mRNA most chil

dren with poor outcome (16 of 19) may be detected (Fig. 6). Among
the remaining ones, detection of LNGFR mRNA identifies a group of
children with excellent prognosis. Thus, analysis of N-mvc amplifi

cation, trk mRNA expression, and LNGFR mRNA expression pro
vides three significant dividing steps in the second algorithm (Fig. 6)
with the advantage that Southern blot analysis of N-mvc amplification

may be performed up front on material obtained by needle biopsy
(44). Thus, both algorithms presented (Figs. 5 and 6) provide an
accurate prediction of prognosis in the majority of NB patients: both
one group with poor outcome (15 or 16 of 45, with 0% survival
probability); and one group with excellent outcome (n = 19, 100%

survival probability). However, due to the limitation in detection of
LNGFR mRNA (Fig. 1) we cannot exclude that in the remaining
intermediate group there are tumors with a low but still biologically
significant level of LNGFR mRNA expression not detected in this
study. If these children could be transferred to the excellent prognosis
group only two groups of NB would remain with favorable and
unfavorable prognosis, respectively.

The strong correlation between NGF receptor mRNA expression on
one hand and clinical features and outcome on the other suggests a
functional role of NGF in NB in vivo. We hypothesize that the inter
action of NGF with the high affinity NGF receptor may play an
important role in spontaneous differentiation of a favorable subset of
NB tumors. Differentiated tumor cells expressing functional NGF
receptors may be subject to an active cell death program as has been
suggested for sympathetic neurons (45). The lack of trk and LNGFR

n = 45
Survival 55%

Trk-expression?YESNOPOOR
PROGNOSIS
n = 15, Survival 0%

n = 30
Survival 86%

LNGFR-expresslon? NO

YES

INTERMEDIATE
PROGNOSIS
n = 11, Survival 62%

FAVORABLE
PROGNOSIS
n = 19, Survival 100%

Fig. 5. Algorithm for prediction of prognosis in neuroblastoma based on analysis of irk
and LNGFR mRNA expression. First subdivision on Irk mRNA expression (0 and 86.1 %
survival probability, respectively; x2 = 3l.6; P < O.OOl) followed by LNGFR mRNA
(62.3% and 100% respectively; x2 = 7.9; p < 0.005).
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n = 45
Survival 55%

N-myc amplification? YES

NO

n = 35
Survival 72%

POOR
PROGNOSIS
n = 10, Survival 0%

Trk-expresslon?YESNOPOOR
PROGNOSIS
n = 6, Survival 0%

n = 29
Survival 89%

LNGFR-expresslon? NO

YES

INTERMEDIATE
PROGNOSIS
n = 10, Survival 69%

FAVORABLE
PROGNOSIS
n = 19, Survival 100%

Fig. 6. Algorithm for prediction of prognosis in neuroblastoma based on analysis of
N-myc amplification and expression of trk and LNGFR mRNAs. Arborization starts with
first subdivision on N-m>r amplification (0 and 72% survival probability, respectively;
^ = 34.8; P < O.OOl) followed by irk (0 and 89%, respectively; x2 '8-3; P < O.OOl) and
then LNGFR mRNA expression (69 and 100%, respectively; \2 6.2; P = 0.01).

mRNA expression in unfavorable NB further suggests that defects in
the expression of these receptor subtypes may account for a main
tained state of undifferentiated cell growth in these tumors. By exten
sion, our findings also support the hypothesis (19, 21) that biological
response to NGF is facilitated by the presence of the product of the
LNGFR gene, p75NGFR, together with the trk protooncogene product,
p!40trk. However, tumors with expression of trk mRNA but with

LNGFR mRNA below the detection limit seem to form an interme
diate group where response to treatment and final outcome varies (Fig.
4). This agrees with findings showing that NGF binding to pl40trk is

sufficient to mediate cellular differentiation and survival of PC 12 rat
pheochromocytoma cells and primary sympathetic neurons in culture
(46). Further support for a functional role of pl40trk alone was shown
by the increased NGF responsiveness by induction of pl40trk in the
absence of p75NGFR in sympathoadrenal progenitor cells (47) and by
the NGF binding to pl40'rk with both high and low affinities regard
less of the presence of p75NOFR (48). On the other hand, trk and

LNGFR mRNAs are coexpressed during human sympathetic and sen
sory nervous development (49) and targeted mutation of LNGFR in
mouse embryonic stem cells suggested that expression of p75NOFRis

essential for normal development of the sensory nervous system (50).
In addition, retinoic acid increased NGF sensitivity in PC 12 cells by
an increased expression of p75NGFR without any simultaneous effect
on p!40trk (51). The few tumors in this series expressing LNGFR but

not trk mRNA had as poor outcome as those lacking mRNA for both
receptor subtypes further indicating that expression of functional NGF
receptors, i.e., at least pl40lrk, is strongly associated with favorable

outcome in NB. However, from the present data (Table 3) it appears
that spontaneous differentiation and/or regression often found in wide
spread, but still favorable, infant tumors referred to as stage IVS NB
(24, 39) require coexpression of both trk and LNGFR mRNAs.

Previous studies in vitro have shown that NGF may play a func
tional role in the differentiation of certain NB cells (30, 52, 53).

However, most NB cell lines neither express functional NGF receptors
nor differentiate in response to NGF (29,52, 54,55). This is consistent
with the observation that NB cells growing in vitro are obtained from
unfavorable tumors (44, 56). As shown in this study such cases with
poor prognosis do not show expression of trk or LNGFR mRNAs in
tumor tissue (Table 1; Fig. 4). Our results on the lack of trk and
LNGFR mRNAs in most advanced NB are in agreement with those of
previous investigators (57-59) using immunohistochemical tech

niques for the detection of NGF receptors. These studies demonstrated
low affinity NGF receptors in all benign GN (57-59) as found for

LNGFR mRNA in this study (Table 1). Variable levels of trk mRNA
were demonstrated in GN by Nakagawara et al. (60) as well as by us
(Table 1). When analyzing mRNA expression for LNGFR, an inverse
relation with N-myc expression was reported by Christiansen et al.
(58). Recently, a similar inverse relationship between trk and N-myc

expression was also reported (60). Although a direct relation between
N-mvc and trk or LNGFR has not been described, retinoic acid has
been shown to down-regulate N-myc expression in NB cells (61) and
up-regulate NGF receptor expression in NB cells (62) and PC 12 cells

(51). It may be speculated that at least part of the therapeutic effect of
retinoic acid treatment in NB patients (63) may be caused by the
opposite effects on the expression of N-myc and functional NGF

receptors.
Cytogenetic studies have shown frequent abnormalities of chromo

somes 1 and 17 in NB tumors and cell lines (64, 65). Loss of chro
mosomal material at Ip36 indicates a poor prognosis and may repre
sent loss of a tumor supressor gene as a primary step in the evolution
of advanced malignant neuroblastoma (66-68). However, the transfer

of chromosome Ip into a NB cell line (NGP.1A.TR1) (69) had no
significant effect on tumorigenicity while transfer of the normal chro
mosome 17 suppressed tumorigenicity of those cells completely, im
plicating the presence of a tumor suppressor gene, other than p53, at
chromosome 17. The results of Bader et al. (69) may be analogous to
those of Matsushima and Bogenmann (30) who showed that transfec-

tion of LNGFR cDNA into NB cells could restore NGF responsive
ness in these cells. The LNGFR gene is located on chromosome
17q21-q22 (70), a locus commonly involved in chromosomal trans-

locations in advanced NB (42). The lack of LNGFR mRNA in ad
vanced NB as here reported together with the above mentioned find
ings, are suggestive for a possible role of the LNGFR gene as a tumor
suppressor gene in some NB. Furthermore, the trk protooncogene is
located at Iq (71), another chromosomal region where cytogenetic
abnormalities are found in NB tumors and cell lines (65). These data
suggest that inactivation (or loss) of one or both genes encoding NGF
receptor subunits may constitute an event inhibiting spontaneous re
gression or differentiation in NB malignant transformation. This lack
of functional receptors for NGF in unfavorable NB may explain the
absence of clinical response to NGF when administrated to patients
with advanced tumors (28). On the other hand, NB which like normal
neural crest cells during development (49) retain coexpression of trk
and LNGFR mRNAs may be considered favorable tumors prone to
spontaneous differentiation or regression. The possibility to induce
sensitivity to NGF in NB in vivo, as has been done in vitro (30, 47, 51,
53), would provide a novel therapeutic possibility in patients with
advanced NB.

In conclusion, coexpression of mRNA for the trk protooncogene
and low affinity NGF receptor characterizes neuroblastomas with
excellent prognosis while children with tumors not expressing trk
mRNA have a very poor prognosis and should be considered for
innovative therapeutic modalities. Our results provide support for a
functional role of NGF in differentiation or regression of neuroblas
toma in vivo.
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