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ABSTRACT

Mutation of the p53 tumor suppressor gene frequently occurs in a
variety of tumors including lung, breast, gastrointestinal, and brain, as
well as lymphomas-leukemias. Neuroblastoma, one of the most common
solid tumors in childhood, often has amplification of the N-//IVCgene. We
examined for mutations of the p53 tumor suppressor gene by single-strand

conformational polymorphism using polymerase chain reaction products
and direct sequencing method in neuroblastoma; in addition, we assessed
the relationship between p53 mutation and V/mr gene amplification in
the disease. Of 86 DNA samples from patients with neuroblastoma, two
mutations (2%) were found in the coding region of the p53 gene. Each
mutation caused a substitution of amino acid residues. One mutation was
located in exon 5, and another was in exon 6. N-myc gene was amplified in

26% of the samples. No p53 mutations were found in neuroblastoma
samples with N-myc amplification. In the two individuals, p53 mutations
appeared as their disease became more progressive. The neurofibromato-
sis 1 ( \ / 7 ) gene is frequently abnormal in another neural disorder, neu-

rofibromatosis type 1; in addition, a potential mutational hot spot of W 7
at lysine at codon 1423 has been identified in several types of tumors.
Using single-strand conformational polymorphism, we were unable to

detect an abnormality in this region of \ / 7 in 50 samples of neuroblas
toma. The data suggest iliat /;5.i mutations occasionally are associated with
progression of neuroblastomas, and tumorigenetic influences of mutant
p53 may differ from those of N-myc.

INTRODUCTION

Neuroblastoma is one of the most common solid tumors of child
hood. It originates from neural crest cells of the sympathetic nervous
system and is usually found as an abdominal mass. The median age at
the time of diagnosis is 2 years. Eighty percent of patients have a
metastatic lesion at diagnosis (1-3). Neuroblastoma in infants younger

than 1 year can generally be cured, while older patients with advanced
disease have a poor prognosis. Gene amplification of N-myc occurs in
some neuroblastoma, and it is associated with a poor prognosis (4â€”
10). Amplified N-myc sometimes produces either double minute chro
mosomes or homogeneously staining regions (5-8). In addition, chro
mosomal abnormalities have been found at Ip (Ip36.1-lp36.3), 4p,
6q, 9q, lOq, llq, 12q, 13p, 14q, 16q, 22p, and 22q (6, 10-17),

suggesting that development and/or progression of neuroblastoma
could be related not only to N-myc amplification but to additional

genetic events, such as alterations of tumor suppressor gene(s).
The p53 is a nuclear phosphoprotein that binds DNA and has

properties of a transcriptional activator, and it appears to play a role in
the regulatory control of normal cellular proliferation (18. 19). The
p53 was initially detected as an eukaryotic protein binding to SV40
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T-antigen and was later shown to interact with Elb of adenovirus and
E6 of human papilloma virus (20-23). Evidence suggests that p53 has

tumor suppressor activity in vivo and in vitro (24, 25). Mutation of
the p53 tumor suppressor gene has been reported in a variety of
tumors, including lung, breast, thyroid, and gastrointestinal cancers,
lymphomas/leukemias, and brain tumors (26-36). Studies have sug

gested that human neuroblastoma cells may express high levels of p53
(37, 38). However, the mutational status of p53 in neuroblastoma is
unknown. We, therefore, have examined for mutations of the p53 gene
by SSCP4 using PCR (PCR-SSCP) and direct sequencing of positive

samples. Eighty-six samples from patients with various stages of

neuroblastoma were studied: stage 1, 11; stage 2, 6; stage 3, 18; stage
4, 42; stage 4S, 9. Recently, loss of wild-type p53 was found to be

related to gene amplification (39, 40). Therefore, we have compared
these results to the status of amplification of N-myc gene in these

samples.
Neurofibromatosis type 1 (von Recklinghausen's disease) is an

other disease with neural crest origins. It is a dominantly inherited
condition in which the individual has numerous neurofibromas. Also,
skin lesions of a regressing type of neuroblastoma sometimes generate
cutaneous neurofibromas (41, 42). The neurofibromatosis 1 gene
(NFÃŒ) encodes neurofibromin which has a GTPase-activating protein-
related domain. A GTPase-activating protein-related domain was
found to stimulate the GTPase of ras (43-48). The NF1 gene is

frequently abnormal in patients with neurofibromatosis 1 (49, 50).
Recently, the NF1 gene was found to have a mutational hot spot
altering Lys-1423 in several kinds of human tumors (51 ). To assess the

possibility of a relationship between neuroblastoma and mutations of
this region of the NF1 gene, we looked for mutations at codon 1423
in our neuroblastoma samples using PCR-SSCP.

MATERIALS AND METHODS

Samples. All 8ft neuroblastoma tissues were obtained from member insti
tutions of the German multicenter Neuroblastoma Study Group (coordinated
by F. B.), and the 79 patients were enrolled in the trials NB85 and NB90 of the
German Pediatrie Oncology Society (52). Eleven of these were in stage 1, 6 in
stage 2, 18 in stage 3, 4 in stage 4, and 9 in stage 4S. Clinical stages are defined
as follows. Stage 1: localized tumor confined to the area of origin, complete
gross excision either with or without microscopic residual disease; identifiable
ipsilateral and contralateral lymph nodes negative microscopically. Stage 2:
unilateral tumor with incomplete gross excision and/or with ipsilateral regional
nodes positive for tumor; identifiable contralateral lymph nodes negative mi
croscopically. Stage 3: tumor infiltrating across the midline with or without
regional lymph node involvement, or unilateral tumor with contralateral re
gional lymph node involvement, or midline tumor with bilateral regional
lymph node involvement. Stage 4: dissemination of tumor to distant lymph
nodes, bone, bone marrow, liver, and/or other organs (except as defined in
stage 4S). Stage 4S: localized primary tumor as defined for cither stage 1 or 2
with dissemination limited to liver, skin, and/or bone marrow (13, 53). Al
though stage 4S has disseminated lesion(s), patients with this stage of disease
show favorable outcomes with spontaneous regression of the tumors (53-56).

J The abbreviations used are: SSCP, single-strand conformational polymorphism; PCR.

polymerase chain reaction; Lys-1423. lysine at codon 1423; Cys, cysteine; Tyr, tyrosine;
Gly, glycine; Val. valine.
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All of the samples contained at least 70% of tumor cells by histopathological
examination. Multiple samples from 6 patients were studied. Second or third
specimens were from either relapsed or progressed lesions. DNA was extracted
from fresh cells of these tumors using a protocol previously described (57).

PCR-SSCPAnalysis to Screen forp5.? Mutations. Thep5J gene has five

regions that have a high degree of homology in vertebrates and are highly
conserved in evolution (5S). Mutations of sequences in these regions have been
associated with cellular transformation (24). Most p53 mutations in human
tumors occur in four of these conserved regions (exons 5-8) (19).

PCR-SSCP analysis was performed using a modification of a previously
reported method (59-62). Oligonucleotide primers based on p53 sequences

deposited in Genbank by Peter Chumakov (accession no. X54156) were used
to amplify exons 2 through 11 of the p53 gene and their flanking splicing sites.
Oligonucleotide primer sequences (5' and 3', respectively) and fragment sizes

for each exon were as follows: exons 2 and 3, CCCACTTTTCCTCTTGCAGC
and AGCCCAACCCTTGTCCTTAC, making a fragment of 278 base pairs;
exon 4, CCCTGTCATCTTCTGTCCCT and AGCCCCAGTGGGCAACTGA,
for a fragment of 121 base pairs; exon 5. TCTGTTCACTTGTGCCCT-

GACTTTC and ACCCTGGGCAACCAGCCCTGTCGTC, yielding a frag
ment of 282 base pairs; exon 6, CAGGGCTGGTTGCCCAGGGTCCCCA and
ACTGACAACCACCCTTAACCCCTCC. for a fragment of 221 base pairs;
exon 7. CTCCTAGGTTGGCTCTGACTGT and GAGGCTGGGGCACAG-
CAGGCCAGTG, giving a fragment of 167 base pairs; exon 8, TAGGACCT-

GATTTCCTTACTGCCTC and AACTGCACCCTTGGTCTCCTCCACC, for
a fragment of 236 base pairs; exon 9, CTTTCCTTGCCTCTTTCCTAG and
AGAGGTCCCAAGACTTAGTAC, for a fragment of 116 base pairs; exon 10
CCCTCCTCTGTTGCTGCAG and TAAGGGGCTGAGGTCACTCA, mak
ing a fragment of 147 base pairs; exon 11 CCTGCTTCTGTCTCCTACAG and
AGGCTGTCAGTGGGGAACAA, for a fragment of 135 base pairs.

For the PCR, 0.1 fig of high molecular weight DNA was added to 20 /j.1of
reaction mixture containing 0.25 pmol/fÂ¿lof each primer, 1.5 mM MgCI2, 250
pmol//j.l of each deoxyribonucleotide triphosphate (Pharmacia. Stockholm.
Sweden), 3 fiCi of [a-12P]dCTP (ICN, Irvine, CA), and 0.05 units//j.l of Taq

DNA polymerase (Boehringer-Mannheim, Indianapolis, IN). Samples were
then applied to 35 cycles of successive denaturation (50 s at 93Â°C),annealing
(40 s at 55Â°C),and extension (60 s at 72Â°C)using a Microcycler (Eppendorf,

Fremont, CA). PCR products were diluted 10-fold in the loading buffer con

taining 20 mM EDTA, 96% formamide, and 0.05% each of hromophenol blue
and xylene cyanol. Dilutions were heated to 95Â°Cfor 3 min and chilled on ice.

Then, 1-1.5 fj.1of the dilutions were applied to a 6% nondenaturing polyacryl-

amide gel containing 10% glycerol and separated with 300 V of constant
voltage for 16 h at room temperature. Subsequently, the gel was dried and
subjected to autoradiography using Kodak XAR film at -80Â°C. For each

experiment, positive and negative DNAs and water controls were run in par
allel. The positive controls had been previously identified by SSCP and con
firmed by sequencing of the amplified samples.

DNA Amplification and Sequencing of DNA. The DNA samples that
showed altered migration by SSCP were reamplified, and nucleotide sequences
were determined by direct sequencing method of double-stranded polymerase

chain reaction products. Those exons showing an abnormal SSCP pattern were
amplified using the same primer sets used in PCR-SSCP. High molecular

weight DNA (0.1 fig) was added to a PCR reaction mixture (100 /xl) containing
0.25 pmol/fil of each primer. 1.5 HIMMgC12. 250 pmol/fil of deoxyribonu
cleotide triphosphates, and 0.05 units/fxl of Taq DNA polymerase. Samples
were then applied to 35 cycles of successive denaturation (50 s at 93Â°C),
annealing (40 s at 55Â°C),and extension (60 s at 72Â°C)using a Microcycler. The

amplified products were electrophoresed on a 1-2% agarose gel, and then the
bands were excised and purified by a frceze-fracture technique (28). Purified
double-stranded DNA was sequenced using dideoxynucleotides and T7 DNA

polymerase (Sequenase version 2.0; U. S. Biochemicals, Cleveland, OH) (28).
The PCR-SSCP primers were used as sequence primers for both sense and

antisense direction. The sequencing reactions were separated on denaturing
gels, dried, and applied to autoradiography.

Hybridization Analysis to Detect N-myc Amplification. DNA samples

(10 fig) were digested with KcoRl (Bochringer Mannheim, Mannheim, Federal
Republic of Germany), subjected to electrophoresis on 0.7% agarose gels,
transferred to nitrocellulose filters, and hybridized to radiolabeled plasmid
probe pNB-1 as previously described (57). Human leukocyte DNA (10 u,g)
was used as the standard for single-copy intensity. A hybridization signal was

not considered amplified unless it appeared to have at least three times the
intensity produced by an equal amount of control DNA in at least two separate

experiments. The extent of amplification was quantified by serial dilution of
the DNA samples to obtain an equal intensity to the single-copy control.

Detection of .Vf/ Gene Mutation. Recently, the NFI gene was found to
have a point mutation altering Lys-1423 in several kinds of human tumor (51).

To assess the possibility of a relationship between neuroblastoma and the NFJ
gene, we analyzed using PCR-SSCP, our neuroblastoma samples for mutations

that alter Lys-1423. The protocol of PCR-SSCP was the same as that used for

detecting p53 mutations. Oligonucleotide primers were designed according
to Li el al. (51): 5'-CAAACCTTATACTCAATTCTCAACTC-3' and 5'-

AAGGGGAATTTAAGATAGCrAGATTATC-3', which amplified a 236-base

pair DNA fragment encompassing base pair 1423. Fifty neuroblastoma sam
ples (samples 1-47) were analyzed.

RESULTS

Screening for p53 Mutations. About 98% of single base-substi

tution mutations of the coding region of p53 in human cancers occur
within a 540-base pair stretch between codons 126 and 306, corre

sponding to exons 5 through 8 (19). DNA (86 samples) from neuro
blastoma tissues was screened for mutations within this region by
SSCP (Table 1). A representative SSCP analysis for exon 6 is shown
in Fig. 1. Samples with a Â¡>53mutation showed a shift in mobility of
one of the labeled strands. All positive samples also showed bands
migrating at the correct size, as well as bands with altered migration
patterns. This suggests that either normal cells contaminated the neo-
plastic cells or both a wild-type alÃeleand a mutated copy of p53 exist

in these samples. In addition, we examined 10 samples for p53 mu
tations in exons 2, 3, 4, 9, 10, and 11 by PCR-SSCP. No abnormal

patterns were found in those exons in each sample (data not shown).
Results of SSCP analysis are summarized on Table 2. We analyzed

11 stage 1, 6 stage 2, 18 stage 3, 42 stage 4 and 9 stage 4S neuro
blastoma samples. Of 86 samples, 2 (2%; nos. 5Ib and 7()b) showed
altered SSCP patterns.

Direct Sequencing of p53 from PCR Products. Both samples
with abnormal SSCP patterns were found to have mutations in the
coding region (exons 5 and 6) of the p53 gene (Table 3 and Fig. 2).
Both mutations were missense [Cys â€”¿�>Tyr, codon 135 (sample 51b);
Gly -> Val, codon 204 (sample 7()b)| (Table 3). No mutations were

found in 26 samples from individuals with low clinical stages (stages
1, 2, and 4S); the two mutations occurred in the cohort of 60 with
advanced stages (stages 3 and 4) (Table 2). Histopathological findings
in these samples are as follows: sample 5la (primary tumor, no p53
mutation), highly undifferentiated, anaplastic grade 3 neuroblastoma;
these anaplastic cells were uniformly distributed, no heterogeneity
occurred within this tumor tissue; normal tissue was not observed in
the sample. Sample 51b (relapsed tumor from the same patient with a
mutational p53 gene) had an identical histopathological pattern con
taining approximately 30% necrotic tissue and no detectable normal
tissue. Sample 7()a (primary tumor, no p53 mutation) was a grade 2
neuroblastoma with discrete partial differentiation and <5% of nor
mal (capsular) tissue; no phenotypic heterogeneity was present within
the tumor tissue. Sample 7()b (metastatic tumor from the same patient,
with a p53 mutation) was a grade 2 neuroblastoma with a slight
decrease in differentiation as compared with sample 7()a; it contained
<5% contaminating normal cells. Grading was according to Hughes
et al. (63).

Analysis of \-niy, Gene Amplification Using DNA-blotting
Analysis. The N-myc gene was amplified 3- to 120- fold in 22 of 86
samples (26%). Twenty samples with N-myc amplification occurred in
advanced clinical stages, and 2 in low clinical stages; N-myc ampli

fication was significantly more frequent in advanced stages of the
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Table 1 Neunjbltatoma xampk-x

Sample p53ml"123456a6b6c789101112131415161718IVa19b20212223242526272829303132333435363738394041424344454647484950Sia51b

+ (ex5)5253545556575859606162a62b6364656667686970.70b

+ (ex6)717273a73b747576777879N-myc

Copy no.Stage1

4S1
1411

41
11

1211
4MI
4611

41
4120

4444S2141

480
41

420
4S1
31

31
320

41
41

415
3361411234S34144344S31344)

344)

224)

444)

44S3411>

434S24)

334UNI

41011
44
.11

11
41
11
41

31
21
21
33
41

180
380

41
430

41
4S1
41

4S1
4Special

description ofsamplePrimary

tumorMelastatic
lesionMelastatic
lesionOriginal

tumorPostchemotherapeutic
residuallesionPrimary

tumorRelapse
oftumorPrimary

tumorMetastatic
lesionPrimary

tumorBone
marrowmetastasisPrimary

tumorRelapse
of tumor

N

I
70b P

I I

exon 6
Fig. 1. PCR-SSCP analysis ofp53 mutations in neuroblastoma samples. Representative

PCR-SSCP patterns are shown for exon 6. N, negative control; P. positive control;
numbered sample shows abnormal pattern (see Table 1 for sample numbers).

Table 2 p53 Mutations and N-mvc amplification in neuroblastom

Stage
N-mvf

amplification
/;5.? mutation
no. of cases

1

2

3

4

4S

0/11
0/0
0/5
0/1
1/13
0/5
1/27
0/15
0/8
0/1

Table 3 Site and typi1 of p53 mutalitms in neuroblastoma

Sample Stage Exon Codon Base change Amino acid change

51b
7064 35 6135 204TQC^TACGAG^GIGCys-Â»TyrGly-.Val

1mt, mutation (missense or stop codon); ex, exon; -, negative; +, positive.

tumor [X2 (Yates) = 4.990081, P < 0.050]. No p53 mutations were

detected in neuroblastoma samples with N-myc amplification (Tables

1 and 2, Fig. 3).
SSCP Analysis for NF1 Gene Mutation. Fifty neuroblastoma

samples were analyzed for mutation of NF1 in the region of Lys-1423

using SSCP. Seven of these were in stage 1, 2 in stage 2, 10 in stage
3, 26 in stage 4, and 5 in stage 4S. Eleven of these showed N-myc

amplification, and one had p53 mutation. No mutations were detected
in this region by PCR-SSCP (data not shown).

DISCUSSION

Chromosomal abnormalities frequently accompany N-myc ampli
fication in neuroblastoma (6, 10-17). This suggests that progression of
neuroblastoma is related not only to N-myc amplification but also to
additional genetic events, such as a defect of tumor suppressor gene-

(s). Alterations of p53 may be the most frequently mutated gene in
human cancers (64). We and others have noted that certain human
neuroblastoma cell lines express high levels of p53; induction of
differentiation of these cells resulted in a marked decrease of their
levels of p53 protein and mRNA (37, 38). This finding suggested that
p53 levels are intimately related to the status of differentiation in
neuroblastoma cells (37). To obtain evidence for a role of the p53 gene
in progression of neuroblastoma, we examined the gene in 86 samples
from 79 individuals with the tumor, and we assessed the relationship
of the p53 mutation and N-myc amplification.

We used PCR-SSCP analysis and a direct sequencing method to

detect p53 mutations. We found two mutations (2%). Both were point
mutations causing missense codons. One mutated sample (51b)
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sample* 51 b

A G C T
wild type

exon 5
Fig. 2. p53 mutations detected by direct sequencing of PCR-amplified samples. Rep

resentative coding strand is shown for codon 135 (sample 51b). Arrow, bands correspond
ing to mutated base pair (see Table 2).

100

10

4S

Stage

Fig. 3. N-myc amplification detected in each stage of neuroblastoma. N-mvc amplifi
cation was examined in each sample using the Southern hybridization method. Mean Â±
SD for each stage: stage 1, 1.0 Â±0.0; stage 2, 1.3 Â±0.75; stage 3, 8.6 Â±18.6; stage 4,
20.4 Â±33.0; stage 4S, 3.11 Â±6.0.

showed clear loss of the wild-type alÃele.Our tumors may be infil

trated with a small population of histologically undetectable normal
cells; therefore, we cannot definitively determine whether the muta
tions were homozygous, hemizygous, or heterozygous for the p53
mutation. Many tumors show loss of heterozygosity in the region of
p53, with one p53 alÃelebecoming mutated and the remaining normal
alÃelelost. Thus, those tumors could be considered to have a complete
impairment in normal tumor-suppressing function of p53 protein.
However, some tumors have wild-type p53 expression as well as a

mutant alÃeleexpression. In these cases, mutant p53 protein may act
in a dominant negative fashion by inactivating wild-type p53 by
forming nonfunctional tetramers (18, 34, 65-69).

We did not find any mutations in either exons 2-4 or exons 9-11 in

10 samples. We would conclude even from this small sample size that
p53 mutations do not occur frequently in these exons in neuroblasto-

mas. These findings are consistent with previous findings in other
types of tumors (19).

Several notable features were found concerning p53 in neuroblas-

tomas. Sample 70b was a metastatic lesion of sample 70a (Table 1).
The primary lesion had no p53 mutation, while the metastatic lesion
showed an amino acid substitution (Table 3). Sample 51b was from a
relapsed lesion of sample 5la; the relapse had a mutation that altered
amino acid Cys-135 to Tyr, while the original lesion (sample 51a) had

no detectable mutation of p53 (Tables 1 and 3). Therefore, the ap

pearance of p53 mutations was associated with progressive disease,
which is associated with a worse prognosis.

Could the low frequency of p53 mutations in this study reflect
false-negative results? All tumor samples were contaminated with

<30% normal tissue. A prior study using the same technique as ours
found that <1% DNA containing mutant p53 could be detected in the
presence of >99% normal DNA (29). In another study, PCR-SSCP

could detect point mutations in <10% DNA containing mutant p53
(60). Hayashi (62) also estimated that the sensitivity of PCR-SSCP as
>99% for 100- to 300-base pair PCR fragments. The size of our PCR
fragments was 116-278 base pairs. Therefore, we believe that false-

negative results did not occur. Also, technical problems in detection
are unlikely; we found a relatively high incidence of p53 mutations (5
of 6) in anaplastic thyroid cancers using exactly the same method (36).
In addition, each of our SSCP gels contained both positive (sample
with a p53 mutation) and negative (sample with no p53 mutation)
controls, and these were always easily discernible. We cannot exclude
the possibility that p53 mutations are occurring outside the regions
tested in this study, since the majority of our analysis focused on exons
5-8, although a small number of samples were also analyzed for exons
2â€”4and 9-11. Exons 5-8 are highly conserved through evolution and

have been shown to contain >90% of all p53 mutations in a variety
of human malignancies (19).

Of 86 neuroblastoma samples, 22 showed amplification of N-myc,

and amplification occurred more in the advanced stages of the tumor
(P < 0.050). This is consistent with previous observations (6, 8-11,

13). None of the tumors with a p53 mutation had amplification of
N-myc. Therefore, even though tissue culture studies showed that loss
of wild-type p53 was associated with gene amplification (39. 40); this

relationship was not noted in this study.
Neurofibromatosis type 1 (von Recklinghausen's disease) is similar

to neuroblastoma in so far as both diseases are of neural crest origins.
Neurofibromatosis is a dominantly inherited condition in which the
individual has numerous neurofibromas in the skin. It has been re
ported that cutaneous neurofibromas can be generated in cases of
regressing neuroblastoma in which cutaneous tumors did not disap
pear but rather differentiated into neurofibromas (41, 42). The NF1
gene encodes neurofibromin which can stimulate intrinsic GTPase of
ras and which possesses properties consistent with neurofibromin
functioning as a downstream effector of ras (43-48). The NF1 gene is

frequently abnormal in patients with neurofibromatosis 1; point mu
tations are reported within this gene as are deletions and translocation
(49, 50). Recently, mutations in the NFl gene that alter lysine at codon
1423 were reported in colon adenocarcinoma, myelodysplastic syn
drome, and anaplastic astrocytoma and in one family with neurofi
bromatosis 1. We hypothesized that this gene may contribute to de
velopment of neuroblastoma. Therefore, we examined our samples for
alterations at the previous identified mutational hot spot (Lys-1423)
using the PCR-SSCP method. Our results revealed that the NFl gene

is rarely, if ever, mutated in neuroblastomas.
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