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ABSTRACT

Loss ofheterozygosity (LOH) on chromosome 18q21 is found frequently in
various human cancers. Three candidate tumor suppressor genes, DCC (de

leted in colorectal carcinomas), DM24 (deleted in pancreatic carcinomas, locus
4), and MADR2/JV18-1(MAD-relatedgene2), have been doned and Identified
from this chromosome region. We have reported recently that LOH on
chromosome 18q is observed frequently in neuroblastoma. Alterations of
DCC are involved in many human tumors. DPC4 and MADR2/JVJ8-1 are
recently demonstrated to be altered in pancreatic and colorectal cancers,
respectively.To confirm if inactivation of the DCC, DPC4, and MADR2/
JV18-1 genes is involved in the pathogenesis of neuroblastoma and to clarify
the mechanism of inactivation,we analyzed the expression of DCC, DPC4,
and MADR2/JVI8-1 in neuroblastoma cell lines and primary tumors by
reverse transcription-PCR and investigated the mutations in the coding
regions of these genes by PCR/reverse transcription-PCR single-strand con

formation polymorphism. We found that 12 of 25 (48%) cell lines and 14 of
32 (44%) primary tumors, including 3 with lSq LOH, had absent or reduced

expression of DCC mRNA. Expression was more likely to be reduced in
advanced (67%) than in early stage neuroblastomas (24%) (P 0.036),
suggesting that inactivation of the DCC gene plays an important role in the
progressionof neuroblastoma.Altered expressionoIDPC4 was found in six
(24%) cell lines and six (19%) tumors. MADR2/JV18-1expression was re
duced or absent only In four (16%) cell lines and three (9%) tumors. Muta
dons ofthe DCC genes were examined in 25 of29 exons in neuroblastoma cell
lines,andthoseexonsinwhichmutationswerefoundwerefurtherexamined
in prlmal7 tumors. We found mi&sensemutations oIAAC (Asn)to AGC (Ser)
at DCCcodesi 176 in one cell line and ACC (Thr) to ATC (lIe) at codon 1105
in one cell line and tumor, respectively; polymorphlsmsof CGA (ArgJ to
GGA (Gly) at codon 201 and lTf (Phe) to UG (Leu) at codon 951 in most
ofthe cell linesand tamors and a silentmutationofGAG (Glu)to GAA (Glu)
at codon 118 in four cell lines and five primarytumors. We did not identify
any mutations in theDPC4 and MADR2/JVI8-1 genes in neuroblastoma. Our
results suggested that mutations of the DCC gene may be involved in the
pathogenesis of neuroblastomas but failed to account for the relatively high

frequency of the altered expression, implying that other mechanisms are
responsible for the inactivation of the DCC gene in neuroblastoma. Low
frequency of reduced or absent mRNA expression and lack of mutations in
DPC4 and MADR2/JV18-1 genessuggested a limited role for these two genes
in neuroblastoma.

INTRODUCTION

Frequent LOH3 is a hallmark for the presence of tumor suppressor
genes on the affected chromosome regions. LOH on chromosome
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l8q2l is frequently detected in various human cancers (1â€”8).Three
candidate tumor suppressor genes have been cloned and identified in
this region. They are the DCC, DPC4, and MADR2/JVJ8-1 genes,
respectively (9â€”12). The relative positions of these three genes at

chromosome 18q2l are: l8cen-MADR2/JVJ8-1-DPC4-DCC-l8qter

(11).
The DCC gene was originally identified as a tumor suppressor gene

in colorectal carcinomas, with allelic deletions of this gene present in
about 7 1% of tumors (9). DCC expression is reduced or absent in
approximately 50% of primary cancers and 100% of metastatic tu
mors of colorectal cancers in the liver (13â€”16).Recent evidence has
demonstrated that the DCC gene is also involved in the carcinomas of

the esophagus, pancreas, stomach, breast, prostate, bladder, male
germ cells, female reproductive tract, leukemias, neuroblastomas, and
gliomas, and loss of DCC expression is associated with distant me

tastasis or progression of the tumors (17â€”21).Thus, DCC is a strong
candidate for the 18q target in a variety of human cancers. DCC gene
is mapped to l8q21.3 and is extremely large, spanning greater than

1.35 megabases and having at least 29 exons (22). The cDNA of the
DCC gene predicts a 1447-amino acid transmembrane protein, which
has four immunoglobulin-like and six fibronectin type Ill-like do
mains and shows high homology to the neural cell adhesion molecule
family of cell surface proteins (23, 24). It also reveals a similarity to
frazzled and UNC-40, two recently identified transmembrane proteins
of the immunoglobulin superfamily mainly expressed on motorneu
rons of the nervous system and required for netrin-dependent motile
cells/axons guidance (25, 26). The cytoplasmic domain only shares
similarity to neogenin (27). The DCC transcript and protein are most
abundant in the central and peripheral nervous system of adult mam
mals (23, 24).

The functional studies have proposed that the DCC gene may have
an important role in mediating cell differentiation in the nervous
system (28, 29). A recent study also suggested that DCC is likely a
receptor for a family of celllaxon guidance molecules (30). Other
studies have provided evidence that the DCC gene functions in tumor
suppression (31, 32). Specifically, a full length but not truncated DCC

inhibited tumorigenicity in a human squamous carcinoma cell line that

had allelic loss and reduced expression of DCC (33).
Although the DCC gene has been thought to be an important gene

inactivated by l8q LOH in human cancers, the limited number mu
tations detected in the affected cancer cells has prompted a search for
other candidate genes in the same chromosome region. A recent study
of pancreatic cancers has identified another candidate tumor suppres
sor gene, DPC4, located on the 18q21 region (10). This gene was

mapped to l8q2l.l. Homozygous deletions of DPC4 were found in 25
(30%) of 84 pancreatic carcinomas and somatic mutations in the
coding regions of DPC4 were identified in 6 of 27 tumors (10).
MADR2/JVJ8-1, the most recently identified candidate tumor sup
pressor gene, was detected in 18q2 1 from colorectal cancers (1 1, 12).

The DPC4 and MADR2/JVI8-I genes share similarity to the Dro
sophila melanogaster gene, MAD, which is known to be involved in
the transforming growth factor @3signaling pathway (34). Inactivation
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Table 1 Oligonucleotide primers used in RT.PCRanalysisGenesSenseAntisenseDCC

DPC4
MADR2
f3-actin5'

-TTCCGCCATGGTTTTTAAATCA- 3 â€˜

5'-ACCTGGAGATGCTGTTCA- 3â€˜
5,-CAGGGTTTTGAAGCCGTCTAT- 3â€˜
5â€˜-CTTCTACAATGAGCTGCGTG- 3â€˜5'

-AGCCTCATTTTCAGCCACACA- 3'
5 ,-TGTCTTGGGTAATCCGGTC -3'

5â€˜-CATGGGACTTGATTGGTGAA -3'
5' -TCATGAGGTAGTCAGTCAGG- 3'

DCC. DPC4. AND MADR2JJVI8-lGENESIN NEUROBLASTOMA

of either of the genes may function to disrupt transforming growth
factor f3 signaling (11). Investigation of the alterations of the DPC4 in
various tumor types and MADR2/JV18-1 in lung cancers showed that
they are uncommon in many tumor types (35â€”39).

Neuroblastoma is a malignant tumor of neural crest origin and is the
most common childhood extracranial solid neoplasm with an mci
dence of about 1 in 100,000 to 130,000 children under 15 years of age
(40). Genetic changes in neuroblastoma include an aberration of
chromosome ip (41, 42), LOH of 1lq and 14q (43, 44), and amplified
oncogenes such as N-myc (45, 46). We recently found that LOH on
chromosome l8q21 was frequent (31%) in neuroblastoma (8). A more
recent study showed that DCC protein expression was correlated with
dissemination of the neuroblastoma (20). Thus, to address whether the
inactivation of the DCC gene plays a role in the development and
progression of neuroblastoma and whether the mutations contributed
to the inactivation, and furthermore, whether the other two 18q
candidate genes, DPC4 and MADR2/JVI8-1, are involved in this
disease, we examined neuroblastoma cell lines and primary tumors for
expression of DCC, DPC4, and MADR2/JVJ8-l by RT-PCR and for
mutations of these three genes by PCR-SSCP, followed by
sequencing.

MATERIALS AND METHODS

Tumor Cell Lines. We studied 25 neuroblastoma cell lines. Five of them
(SCMC-N2, SCMC-N3, SCMC-N4, SCMC-N5, and 90-T5') were established
in our laboratory (47, 48). Seven (SJNB-l , SJNB-2, SJNB-3, SJNB-4, SJNB-5,
SJNB-7, and SJNB-8) were a generous gift from Dr. A. 1. Look (St. Jude
Children's Research Hospital, Memphis, TN). The other cell lines were ob
tamed from the Japanese Cancer Research Resources Cell Bank (NH12, TOW,
NB-l, GOTO, IMR-32, NB-l9, LAN-5, SK-N-SH, CHPI34, NB-16, NB-69,
LAN-l, LAN-2). All cell lines were cultured in RPMI 1640 containing 9%
fetal bovine serum.

Primary Tumor Specimens. Thirty-two tumor specimens were mainly
taken from the neuroblastoma patients either at Saitama Children's Medical
Center or at the University of Tokyo Hospital before chemotherapy. Tissue
specimens were immediately frozen in liquid nitrogen and stored at â€”80Â°C.
Eleven noncancerous tissues, including peripheral lymphocytes, and bone
marrow were obtained from the tumor patients. Normal control samples
included skeletal muscle and thymus gland specimens obtained from non
cancer patients after obtaining the informed consent of the parents, as well as
eight PB samples for RT-PCR. All PB samples were obtained from healthy
volunteers.

Patient Data. The stage of patients was defined according to Evan's
classification (49). Thirty-two tumors from patients of ages 38 days to 11

years, with a median age of 8.5 months, were analyzed for DCC expression by
RT-PCR.Of the 32 patients,21 were youngerand 11 were older than 1 year
(20 males and 12females). Eleven were found by mass screening (50), 21 were
found clinically. Twelve were classified as stage I, 5 as stage II, 2 as III, and
13as IV. All patients were alive for 4 to 108months, except for three who died
of the disease 1, 8, and 49 months after diagnosis. N-myc gene amplification
was found in four patients. Of the 32 primary tumors from these patients, 13
have been analyzed by Southern blotting and found to be informative at the
DCC locus, and 6 of them had LOH at the DCC locus (8). Patients in stage I
or II were treated by either surgery or surgery plus chemotherapy, which
mainly consisted of vincristine and cyclophosphamide without radiotherapy.
Patients in stage III or IV were administered multidnig chemotherapy consist
ing ofcyclophosphamide, Adriamycin, cisplatin, and etoposide with or without

surgery, radiotherapy, and hematopoietic stem cell transplantation (51).

Total RNA Isolation. Total RNAs were extracted from the cell lines and
tissues using the acid guanidinium thiocyanate-phenol chloroform method
(52).

RT-PCR Detection of mRNA Expression of DCC, DPC4, and MADR2/
JVJ8-1. Randomly primed cDNAs were reverse-transcribed from 4 @gof
total RNAs using a cDNA synthesis kit (Boehringer Mannheim Corp., Mann
heim, Germany) in a 20-pi mixture as described (53). Two @lof the cDNA

conversion mixture was amplified by PCR. The 2-p.l mixture was increased to

100 @lby adding 10 mMTris-HCI (pH 8.3), 50 mt@iKC1, 1.5 nmi MgCl2, 200
@.LMof each deoxynucleotide triphosphate, 6 units of Taq polymerase, and 50

pmol of each of the specific oligonucleotide primers for DCC, DPC4, and
MADR2/JVI8-1.ThesequencesoftheoligonucleotideprimersforRT-PCRare
shown in Table 1. The primers for DCC amplification were the same as

reported previously (9). Previous studies have suggested that mutations in the
DPC4 cluster within exons 8 and 11 of the gene (10) and in MADR2/JVI8-I

within nucleotides I I 82â€”1430 ( 1 1). These regions contain a high level of

homology to the Drosophila melanogaster Mad and Caenorhabditis elegans
Sma genes. The primers for DPC4 and MADR2/JVI8-l detection were newly
designed from these highly conserved regions. f3-Actin-specific oligonucleo

tides provided a quantitative control of the reaction. PCR amplification was
performed in a DNA thermal cycler (Perkin-Elmer Corp.) and consisted of 30
or 40 cycles of denaturation for 1 mm at 94Â°C,annealing for 1 mm at a
temperature appropriate for the various primers, and extension for 2 mm at
72Â°C.A finalextensionproceededfor 7 mm at 72Â°C.The @-actingene was
amplified at 94Â°Cfor 1 mm, 55Â°Cfor I mm, and 72Â°Cfor 2 mm for 30 cycles.

Southern Blotting of PCR Products. The PCR products were transferred
to a Biodyne B nylon membrane (PALL; BioSupport Corp. NY) under alkaline
conditions. The blots were hybridized with a [y-32PIATP-labeled oligonucleo
tide probe in prehybridization mixture consisting of 50% formamide, 5 X
Denhardt's solution, 5X standard saline citrate (SSC), 1% SDS, and 100 @.ag/ml
denatured salmon sperm DNA (Sigma Chemical Co., St. Louis, MO) at 37Â°C
overnight and washed in the following solutions at room temperature for 15
mm sequentially: (a) 2X SSC, 0.1% SDS; (b) 0.5X SSC, 0.1% SDS; and (c)

0.1 X SSC, 0.1% SDS. Finally the blots were incubated in 0.1 X SSC contain
ing 1% SDS at 42Â°C for 30 mm. The membrane was exposed to an X-ray film

for 1 h at room temperature. The probe for DCC hybridization was 57 bp of
partial DCC cDNA from nucleotide 1 141 to 1 197 (13). The oligonucleotide

primers for DPC4 and MADR2/JVI8-l were used as probes. The coding region
of @-actinfrom nucleotide 42 to I 169 was used as the probe for @3-actin
hybridization (54). The intensity of individual bands was measured by image

analysis (Model BAS 2000; Fuji Corp., Tokyo, Japan). The expression level of

mRNA was calculated by normalization of the amount of the amplified
fragment of the genes to the 305-bp f3-actin fragment. The ratio of the
expression to f3-actin was given as arbitrary units (d.u.) and then converted to
the following scale: â€”,(0 to <0.10 d.u.; DCC gene: median, 0.02; range,
0.00â€”0.07);+1â€”,(0.10 to <1.00 d.u.; DCC gene: median, 0.56; range,
0.18â€”0.81);+, (1.00 to <2.00 d.u.; DCC gene: median, 1.46; range, 1.26â€”
1.97); ++, (2.00 to <3.00 d.u.; DCC gene: median, 2.61; range, 2.12â€”2.88);
and + + +, (3.00 d.u.; DCC gene: median, 3.82; range, 3.22â€”4.00). This
allowed for good discrimination of absent (â€”)to reduced (+1â€”),and abundant
(+ to ++), toveryabundant(+++) expressionofmRNA.

PCR/RT-PCR-SSCP and Direct Sequencing. High molecular weight
DNA was prepared from cell lines or tumor tissues using the proteinase
K/phenol-chloroform method for examination of the mutations in the DCC
gene (48). RNA was prepared, and cDNA was reversely transcribed (53) for
screening mutations in the DPC4 and MADR2/JVI8-1 genes. PCRIRT-PCR
SSCP was performed as reported with some modification (48). Twenty-five
pairs of DCC oligonucleotide primers, either based on the intron-exon bound
ary sequences of the gene or synthesized as described ( 19, 22), were used to
amplify 25 of the 29 DCC exons (Fig. 1). Primer pairs for the remaining four

exons could not be designed based on the boundary sequences available. The
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Table 2 Oligonucleotide primers for mutation analysis of 25 exons of the DCCgeneExonSense

primerAntisenseprimerCodonI

2
35'

-GTGAGTGCTGCCGCTG-3 ,
5'-ATTTCCCTGTGCTCTCTTGTTC- 3'
5 , -ATTTGGAAGACTTATTCTTCC - 3 â€˜5'-GGGTACGGAAGGGGGT-3

â€˜
5'-GAAGAATCCACCTACCTGCTAC-3'
5,- TCTGAAGGCAACAAAGAGCA-3â€˜1-31

31-138
138-23345

,-TTTTCCCCTCATAGATCCAG- 3â€˜5' -GTGAAATACCTGAGTTGGA- 3â€˜233-28355'
-AATTTACTCTGCACCTTCCCTA-3 â€˜5'-CTCATCTCCAGCCACTAACTT-3â€˜283-32965

â€˜- TTTCTGTCTTTGCAGTTCCG - 3 â€˜5 â€˜-GAAACAAAATAATTACGACT- 3â€˜329-38075'
-ATACTTTACCTGCTTTTTCT-3'5'-ACCAAAGCAAGGTTCCCATT-3â€˜381-42185
â€˜-TCTGATAGCCTCCTCTTCTT- 3 â€˜5 â€˜-TTATTGGTAGCATCACCTAC- 3â€˜421-47395
,-TCAGGGAACGAGCATTGA- 3â€˜5' -TTCATACTCACACTCAGGC- 3â€˜473-525105
â€˜-TTATACAGTGCAAGTTCCAG- 3â€˜5' -ATTCCTTCTCCTACCTGTT- 3â€˜525-574I

I5' -TTGGTGTTTTATGTCTCCAG- 3,5 ,-ACCGTCAGAAAGTGTAACCA- 3â€˜575-621125
â€˜-GTTTGATTCCTTTTAGTGCC- 3â€˜5 â€˜-TAGGTAATGGAGTAGTGAAC- 3â€˜621-637135'
-CAGAGTATCAAAGTTAGCTG- 3 â€˜5' -TGCAAGACTACACCACGT-3â€˜638-685155

â€˜-TGCTGATGATGCCTCTTT- 3 ,5 â€˜-TCACAGATACTCACCTAACC- 3â€˜722-787165'-CAGAGTCAAGTTCCCATT-
3'5'-AACAATTTCACTTACCGG-3â€˜787-819175'

-TGTTTGTTTCATTTGGTGGG- 3â€˜5 ,-CACCTTGTATTTTGCACTTG- 3â€˜819-896185
â€˜-CTTTGCTATTTCCTACTTGT- 3â€˜5 â€˜-ATTATCAAGGGTCCAAAGTAG- 3â€˜897-943195
â€˜-TTATCTCTGTCTCACCTCAC- 3 â€˜5 â€˜-GCTATGCTGGGAGAGAAA- 3,943-979235
â€˜- CTTCTGCCAAATCTTCCTAAACC - 3 â€˜S â€˜- TCAAAAATATAACCCCAAAAG - 3 â€˜I 077-I I31245'-CTCACATTTGCCTTCTAAC-3'5'

-TTTTCCCTAATGCCAGTG-3 ,I131-1207255
â€˜-AGGGCATGTTTCTCAGGA- 3â€˜5 â€˜-TTCATTTCTTCATTGTGGCA- 3â€˜1207-1246265'
-GTTGAGTGAATACATAAGGTTC- 3 â€˜5' -CCTTTGCTATTATTCATTTGTG- 3â€˜1246-1300275

â€˜- CAGGAATAATGAATGACTTTTC - 3 â€˜5 â€˜- TTTTAAAGGTGAACAACCGAG - 3 â€˜I301-1371285'
-ATATACTTGAGAAAGTGTTCT-3'5'-TCCCTTGATGAAGCATGAA-3,1371-1418295'-GTTACTAACTCTTGTCTCTC-3

,5'-GGTATGCTGCAAAGTTCC- 3â€˜1419-1447

DCC. DPC4. AND MADR2/1V18-IGENESIN NEUROBLASTOMA

849-985 986-1140 1141-12611262-14181419-15731@@j,722

191 186 177 206 193 171

2936-31303131-3163

Fig. I. DCC gene regions analyzed by PCR
SSCP. The coding regions of the DCC gene are
indicated by solid boxes with nucleotide positions
(Nt), whereas the 5' and 3' untranslated regions of
exons I and 29 are indicated by unfilled boxes.
Horizontal solid arrows above each exon indicate
the primer pair used in PCR-SSCP analysis. The 25
DNA fragments amplified by 25 pairs of primers
are indicated by horizontal lines with their nude
otide lengths.

.@--Ã¸-* .4â€”1II-@%
Exon I 2 3 4

Nt 1.91 92-412 413-697 698-848
bp >138 361 353 174

*@ I

Exon II 14 15
Nt 1723-18611862-1911 1912-20532054-21642165-2359 23@:@4552456-2688 2689-2827 28@!:@!35

bp 161 101 173 220 114 269 200 144@ .4I
Exon 22 23 24 25 26 27 28 29

Nt 3164-3229 3230-3392 3393-3619 36@@.2:!2.@3737-3898 3899-41I I 4112-4254 4255>4608

bp >255 290 185 265 279 179 >387

(DCC gene: 5+, 5+ + ; range, I .61â€”2.75d.u.; median, 2.1 1 d.u.; Fig.
2A). Southern blots of RT-PCR products demonstrated that the am
plified fragments were specific transcripts to the three genes. Among
the 25 neuroblastoma cell lines, DCC mRNA expression was absent
or reduced in 12 (48%) cell lines (Fig. 2B). Expression of DPC4 and
MADR2/JVJ8-1 was altered in six (24%) and four (16%) cell lines,
respectively (Table 3). Of the 32 primary tumors, altered expression
of DCC was found in 14 (44%), DPC4 in 6 (19%), and MADR2/
fy18-! in 3 (9%; Figs. 2B and 3). Of the six tumors with LOH at the
DCC locus (8), three had reduced DCC, one had reduced DPC4
expression, and the remaining two were not altered compared with
normal controls. Of the seven patients without LOH at the DCC locus,
only one had reduced DCC expression (Table 4). Eight of the 12 cell
lines and tumors with altered DPC4 and 5 of 7 with altered MADR2/
fy18-! expression showed reduced or undetectable levels of DCC
mRNA. All of the samples with reduced or absent MADR2/JVI8-1

revealed altered DPC4 expression except one tumor (Fig. 3). To
determine the sensitivity of the RT-PCR used in this study, the cDNA
of one cell line SJNB-5 was diluted with H2O before amplification. A
signal equivalent to + +, + , and +/â€” of DCC expression was
obtained when the cDNA was diluted 1:2, 1:10 to 1:102, and i:i0@,
respectively (data not shown). The band intensities of the DCC
transcripts varied in the different neuroblastoma samples. In the cell

lines of SCMC-N4, IMR-32, TGW, and SJNB-5, the transcripts were

sequences of the 25 pairs of primers and the sizes of amplified PCR products

are shown in Table 2. The primers for DPC4 and MADR2/JVI8-1 were

synthesized as reported ( I 1, 35). The PCR consisted of 35 cycles of 1 mm at

94Â°Cfor denaturation, 1â€”2mm at an appropriate temperature for annealing, 1
mm at 72Â°Cfor extension as an amplification step, and 7 mm at 72 for the final
extension step. Following amplification, the product was resolved by electro
phoresis on a 5% nondenaturing polyacrylamide gel at 26Â°C or 4Â°C.

Direct sequencing was performed as described previously (48). Briefly, a
small piece of the gel containing the shift band detected by SSCP was excised,
immersed in 20 ,xl of water, and placed at room temperature overnight. The
centrifuged water extract was applied to PCR under the conditions described
above for SSCP screening. The PCR products were purified using a Microcon
100(Amicon, Beverly, MA). The purified DNA fragments were sequenced by
the dideoxy chain termination method using 5'-['y-32P]ATP-labeledprimers
and Taq DNA polymerase from dsDNA Cycle Sequencing System (Life
Technologies, Inc., Gaithersburg, MD) as described previously (48). The

sequencing products were resolved by electrophoresis on a polyacrylamide gel
containing 7 M urea.

RESULTS

Expression of DCC, DPC4, and MADR2/JVJ8-1 Genes in Neu
roblastoma. We examined mRNA levels of DCC, DPC4, and
MADR2/JV18-1 in 25 neuroblastoma cell lines and 32 primary tumors
by RT-PCR. RT-PCR amplified the expected transcripts of the three
genes in all of the control samples with little variability in intensity
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Table 3 Ezpression of the DCC, DPC4, and MADR2JJVI8-I mRNA inneuroblastomacell
linesÂ°Cell

lines DCC DPC4MADR2NB1
+1â€” ++SCMC-N4

+++ ++SCMC-N5
+ + ++SCMC-N2
- ++SCMC-N3
+ ++GOTO

+1â€” ++IMR-32
+++ ++TGW
+++ ++NB-19

+ ++LAN-5
++ +1â€”+SK-N-SH
+ ++CHP-l34

+1â€” +1â€”+1â€”NB-l6
+1â€” ++NB-69
+ ++LAN-I
+ +1â€”+LAN-2
â€”+1â€”SJNB-l

+1â€” +1â€”+1â€”SJNB-2
+ ++SJNB-3

+1â€” ++SJNB-4
+1â€” ++SJNB-5

+++ ++SJNB-7
+1â€” ++SJNB-8

â€” +1â€”+1â€”NH-12
+1â€” ++90-T5'

+ ++a

@@ @,highlyabundant;+or++,abundant;+1â€”,reduced;â€”,absent.

Table 4 Correlation of mRNAexpression of the DCC, DPC4. andMADR2/JVI8.1genes
with clinical and biologicalfindings in primaryneuroblastomasNo.

of patients withalteredexpression
(%)

No. of patients
Findings examined DCC DPC4MADR2Age<I

yr 21 8(38) 4(19) 1(5)>1
yr II 6(55) 2(18)2(18)StageI,

II 17 4 (24)â€• 1(6) 1(6)III,
IV 15 lO(67)Â° 5(33)2(13)Survival+

29 12(41) 4(14)3(10)â€”
3 2(67) 2(67)0N-myc+

4 2(50) 1(25)0â€”
28 12(43) 5(18)3(11)Mass

screening+
II 2(18) 1 (9) 1(9)â€”
21 12(57) 5(24)2(10)LOH+

6 3(50) 1(17)0â€”

7 1(14) 0 0

DCC. DPC4, AND MADR2/JVI8.I GENES IN NEUROBLASTOMA

Fig. 2. DCC mRNA expression in normal con
trots and neuroblastoma cell lines and primary
tumors. Southern blotting of RT-PCR products
using an oligonucleotide probe between DCC 2
and DCC 3 demonstratedthat the 233-bpfrag
ments were DCC-specific transcripts. A, the hy
bridized DCC 233-bp transcripts in normal muscle
(Nor 1), thymus gland (Nor 2), PB controls (Nor
3â€”10),and one neuroblastoma (NB) cell line
(SJNB-5). The band intensities of normal controls
wereaboutone-halfof theintensityof theSJNB-5
cellline.Littlevariabilitywasfoundamongbands
of normal controls. The faint shadow under the
DCC bands were considered to be nonspecific
contamination because they are not observed in
theethidiumbromidegel. In B, the upperlineof
bands are the hybridized DCC transcripts in neu
roblastoma cell lines (Lanes I, 2, 5, 6, 7, 8, 10, and
12 are SCMC-N3, 90-T5', TGW, NB-l, SCMC
N4,SCMC-N5,SCMC-N2,and SJNB-8,respec
lively) and primary tumors (Lanes 3, 4, 9, and Ii,
cases R3, R4, R9, and R5l). Expression is reduced
or lost in Lanes 4, 6, 10, and 12. Beta-actin bands,
amplified in abundance from each sample, are
indicated below the corresponding DCC bands.

4 233bp

â€˜4 233bp

i4 305bp

@w@@ w

screening. Reduced expression of the DPC4 and MADR2/JVJ8-I
genes was not associated with either of the described findings
(Table 4).

Mutations of the DCC, DPC4, and MADR2/JV18-l Genes in
Neuroblastoma. We investigated by PCR-SSCP, 25 exons of the
DCC gene in 25 neuroblastoma cell lines. Those exons which showed
mutations were further investigated in primary tumors and corre
sponding noncancerous tissues if available. Mobility shifts were de
tected in DCC exons 2, 3, 19, and 23 in both cell lines and tumors.
Shifts were detected in exon 2 in 4 of 25 cell lines and 5 of 32 primary
tumors, in exon 3 in 19 cell lines and 30 tumors, in exon 19 in 2 cell
lines and 21 tumors, and in exon 23 in one cell line and one tumor,
respectively. Sequencing analysis showed a transition of GAG (Glu)
to GAA (Glu) at codon 118 in exon 2, an AAC (Asn) to AGC (5cr)

highly abundant; the levels were approximately double that of normal
controls (Fig. 2A). However, the band intensities of the DPC4 and
MADR2/JVI8-1 products showed liule difference between the normal
PB controls and the neuroblastoma samples with detectable tran
scripts.

Clinical Findings of the Neuroblastoma Patients with Reduced
Expression of the Three Genes. Four of 17 (24%) tumors in stages
I and II and 10 of 15 (67%) in stages ifi and IV showed reduced
expression of DCC mRNA. The frequency of reduced expression of
DCC mRNA was significantly higher in stages III and IV than that in
stages I and II tumors (P = 0.036, by Fisher's exact test). However,
it was not associated with age, N-myc amplification, survival, or mass

aThefrequencyofreducedDCCmRNAexpressionwassignificantlyhigherinstages
III and IV than that in stages I and II neuroblastomas (P = 0.036, by Fisher's exact test).
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Fig. 3. DPC4 and MADR2JJVI8-1 mRNA cx
pression in neuroblastoma primary tumors. Lanes
/-JOofthe topline are DPC4 bands that are from the
cases Rl55, Rl67, RI7O, Rlll, R173, R174, Rl75,
Rl76, Rl77, and Rl78. Lanes iâ€”JOof the bottom
line are MADR2JJVI8-I bands from the cases of
R98, R99, RlOO,RIOl, Rl02, Rl03, R155, R167,
R170, and Rl7l. The cases in Lanes 1â€”4in the top
line (DPC4 expression) are the same as those in
Lanes 7â€”10in the bottom line (MADR2./JV18-I cx
pression). DPC4 expression was reduced in cases
R155. R170, and Rl74 (Lanes 1,3, and 5). MADR2J
JVI8.I expression was absent in case Rl67 (Lane 8)
and reduced in cases R 103 and R 155 (Lanes 6 and
7).

@w @ww

transition at codon 176, and a CGA (Arg) to GGA (Gly) change at
codon 201 in exon 3, a substitution of TT'G (Lou) for lTf (Phe) at
codon 951 in exon 19, and a mutation from ACC (Thr) to ATC (lie)
at codon 1105 in exon 23. The mutation at codon 176 was found only
in one cell line (NB-16; Fig. 4). The transversions at codon 201 were
found in both alleles in 10 (40%) of 25 cell lines and 19 (59%) of 32
primary tumors and in one allele in 9 (36%) cell lines and 1 1 (34%)

tumors. The substitutions at codon 951 were observed in both alleles
in one (4%) cell line and 1 1 (34%) tumors, and in one allele in one

(4%) cell line and 9 (28%) tumors. The variation of codon 201 and
codon 95 1 in tumor tissues was the same as in the available corre
sponding noncancerous tissues. Thus, the nucleotide changes at
codons 201 and 951 likely represented two polymorphisms. The
noncancerous tissues of the tumor with the mutation at the codon 1105
was not available.

We also examined the possible mutations in the coding regions of
the DPC4 and MADR2/JV18-1 genes in both the 25 cell lines and the
32 primary tumors by RT-PCR-SSCP, using the same primers as
described previously (1 1, 35); however, we did not find any mutations
in these two genes (data not shown).

DISCUSSION

In the present study, we showed that reduced or absent mRNA
expression of DCC was frequent but that of DPC4 and MADR2/
JVJ8-1 was not in neuroblastoma cell lines and primary tumors,
suggesting that inactivation of the DCC gene plays an important role

in the pathogenesis of neuroblastoma, whereas DPC4 and MADR2/
JVI8-1 genes play only a limited role.

Alterations of the DCC gene are related to metastatic events and the

degree of differentiation of tumor cells in some carcinomas (13â€”21).
We previously failed to show a correlation between LOH of the DCC
gene and stage of neuroblastoma, perhaps due to the increased number
of cases found by mass screening in that study (8). In the present
study, we found that the reduced expression of DCC mRNA was
significantly more frequent in tumors in advanced stages than in early
stages, suggesting that the DCC gene is associated with the progres
sion of the neuroblastoma. This finding supports the notion that the
loss of DCC protein expression is more likely to be found in patients

with disseminated or stage IV neuroblastoma (20). The lack of a
relationship between the reduced expression of DCC mRNA and
N-myc amplification established in the present study also supports the

notion that the DCC gene contributes to the dissemination of tumor
cells, perhaps through alterations in growth and differentiation path
ways distinct from those regulated by the N-myc gene (20).

Most of the neuroblastoma cell lines and all of the primary tumors
showed a reduction but not a total loss of DCC mRNA expression in
the present study. We could not exclude the possibility of contami
nation by noncancerous cells in the primary tumors, but this could not
fully explain the reduced expression observed in most cell lines. We
speculated that the DCC gene acts in a similar way to the p53 gene in
colorectal carcinomas in that the alteration of one allele may be

sufficient to provide an altered cellular phenotype through a domi
nant-negative effect, although the wild-type DCC allele is present
(55). The remainingallele may express detectablelevels of DCC
transcripts, although the expression is likely reduced. In the present

study, we also found that some neuroblastoma samples showed abun
dant expression of transcripts, even more abundant than that of the PB
controls. We considered that this is due to the high expression level of
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Fig. 4. SSCP analysis of mutations in exon 3 of the
DCC gene in neuroblastoma cell lines. An abnor

mal bandshift was found in NB-l6 cell line (left).
Sequence analysis of this bandshift DNA showed a
mutation of AAC (WI; wild type) to AGC (MT,
mutant type) at codon 176 of the DCC gene
(right).
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the DCC gene in neural tissues (23, 24). Further studies are needed totions at initiator or promotor sites of the DCC gene may alsobecharacterize
the expression levels of the DCC gene in normal adrenalresponsible for the DCCinactivation.medullary

cells. The low frequency of the altered expression of DPC4Mutational screening of DPC4 in a variety of cancers hassuggestedand
MADR2/JVJ8-l and the finding that most of the samples withthat inactivation of DPC4 may be limited to those of thepancreaticaltered

expression of the two genes also had reduced or absentcancers and possibly other tissues of the gastrointestinal tract(35â€”38).expression
of the DCC gene suggest that the reduced expression ofMutations of the MADR2/JVI8-I was also found to be rare inlungDPC4

and MADR2/JV18-1 is likely caused by alteration of the DCCcancers (39). In the present study, we investigated the mutations inthegene
or other neighboring genes.coding regions of the DPC4 and MADR2/JVJ8-I genes in neuroblas

Inactivation of a tumor suppressor gene may occasionally be ac toma. Unfortunately, we failed to identify any mutations in thecodingcomplished

through protein-protein interactions, but tumor suppressorregions of these two genes, suggesting their limited roles inthegenes

in most human cancers usually appear to be inactivated by adevelopment of neuroblastoma. Thus, DPC4 and MADR2/JVJ8-Ipoint

mutation of one allele and loss of the remaining allele. Sixgenes seemed not to be mutated in various humancancers.primary

neuroblastomas with and seven without 18q2 1 LOH wereIn conclusion, we showed that the reduced or absent expressionofanalyzed

for DCC mRNA expression in the present study. We foundDCC mRNA was relatively frequent in neuroblastoma, particularlyinthat

three of the six tumors with LOH had reduced DCC. One hadadvanced stage tumors, suggesting that inactivation of the DCCgenereduced

DPC4 expression, and none showed reduced MADR2 expres
sion, suggesting that LOH at 18q2l affected the levels of DCC mRNA
and gave less or no effect on the DPC4 and MADR2/JV-18 levels. The
remaining three samples with LOH did not show reduced DCC
expression, possibly due to mixing with noncancerous cells. DCC
expression was also reduced in one of the seven tumors without LOH,
suggesting that LOH is not necessary for inactivating the DCC gene
in this tumor and that other mechanisms such as mutations in theplays

an important role in the development and progression of neu
roblastoma. Mutations in the coding regions of the DCC gene were
indeed identified in the neuroblastoma but failed to account for altered
expression in most tumors; thus, other mechanisms likely contribute

to the inactivation of the DCC gene. The low frequency of the altered
expression and absence of mutations in DPC4 and MADR2/JVI8-I
genes suggested that these two genes do not play an important role in
the pathogenesis ofneuroblastoma.coding

regions or alterations in an initiator or promoter area oftheDCC
gene contribute to the reduced expression. To determinewhethermutation

of the DCC gene is involved in DCC inactivation in neuro

blastoma, we examined 25 of the 29 exons of the DCC gene for
possible mutations. Two missense mutations were observed at codons
176 and 1105, respectively. These mutations at codons 176 and I 105
have not been found previously (19, 22). The mutation at codon 176We

thank Dr. A. Thomas Look, St. Jude Children's Research Hospital, for
generously providing some cell lines. We express appreciation to S. Sohma for
excellent technical assistance. Special thanks are also addressed to clinicians at
various institutes in Japan for generously providing samples and clinicaldata.was

only found in one cell line, and the normal tissue of thetumorwith
the mutation at codon I 105 was not available; furthermore,thesetwo
mutations were not found in the six neuroblastoma patients with

I8q LOH. Thus, we do not know if these two mutations are function

I Vogelstein. B.. Fearon, E.. Kern, S., Hamilton, S., Preismgcr. A., Nakamura. Y.. and
White, R. Allelotype of colorectal carcinomas. Science (Washington DC). 244:
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significant. The transversion at codon 201 has been reported to be
a polymorphism (19). The mutation at codon 95 1 was also demon
strated to be a polymorphism, because it was found in noncancerous2.
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