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Abstract

The deleted In colorectal cancer (DCC) gene, a candidate tumor sup
pressor gene on chromosome18q21,encodesa neural cell adhesion mol
ecule family protein that Is most highly expressed in the nervous system.
To address the hypothesis that DCC may play a role In glioma develop
ment and/or progression, we examined DCC expression by immunohlsto
chemistry in 57 resected human astrocytic tumors. Overall, low-grade
astrocytomas were predominantly DCC positive (15 of 16, or 94%),
whereas high-grade tumors significantly less often expressed the DCC
protein (27 of 41, or 66%; P = 0.03). We were able to directly assess the
relationship between DCC expression and tumor progression in 15 pa
tients who initially presented with a low-grade astrocytoma and subse
quently recurred with a glioblastoma.Within this panel of paired lesions
from the same patient, 14 of 15 (93%) low-grade tumors expressed the
DCC protein, whereas only 7 of 15 (47%) corresponding glioblastomas
were DCC positive. We also observed that secondary glioblastomas re
suIting from malignant progression oflow-grade astrocytomas were more
often DCC negative (8 of 15, or 53%) compared with primary or de novo
glioblastomas (6 of 26, or 23%; P = 0.05). These findings implicate DCC
inactivation In glloma progression and also demonstrate thatDCC expres
slon Is preferentially, but not exclusively, lost In the genetic pathway to
secondary giloblastoma multlforme.

Introduction

The DCC@gene is a candidate tumor suppressor gene located at
chromosome 18q21. It encodes a 1447-amino acid transmembrane
protein that belongs to the NCAM family based on its four immuno
globulin-like and six fibronectin type ifi-like extracellular domains
(1). Several lines of evidence have implicated the DCC gene as a
tumor suppressor in colorectal cancer. Loss of heterozygosity involv
ing the DCC locus has been demonstrated in 50% of large adenomas,
70% of carcinomas, and 100% of hepatic metastases (2, 3). Although
two other candidate tumor suppressor genes, DPC4 and MADR2/
JVJ8â€”1,reside nearby on l8q and are mutated in a fraction of
colorectal cancers, their inactivation accounts for only a small portion
of the 18q allelic loss in colorectal cancer (4, 5). DCC transcripts have
been found to be reduced or absent in 85% of colorectal cancer cell
lines (1), greater than 50% of carcinomas, and 100% of hepatic
metastases (3). Moreover, 18q alleic loss (6) and the loss of DCC
expression (7) define a subset of colorectal cancer patients with
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apparently localized tumors who have a poor prognosis. Taken to
gether, the alleic loss and expression studies suggest that DCC may
be inactivated in a significant proportion of the colorectal tumors with
18q allelic loss (3).

Although localized somatic mutations have been demonstrated in
the DCC gene in only a small subset of colon cancers at present, the
extreme size and complexity of the DCC gene (1.35 megabases, 29
exons with alternative splicing) have limited mutational analysis at
present to far less than 1% of DCC sequences (8). DCC allelic loss,
reduced or absent DCC gene expression, and somatic mutations have
also been seen in tumors of the stomach, breast, prostate, endome
trium, esophagus, and testes, as well as neuroblastomas and some
leukemias (3, 9, 10). Also, a recent study has provided evidence of a
tumor suppressor function for DCC. Specifically, a full length DCC
cDNA, but not a mutant form lacking cytoplasmic domain sequences,
suppressed the tumorigenic phenotype of a human squamous cancer
cell line that had lost endogenous DCC expression (11).

Several findings have suggested the value of addressing the role of
DCC in gliomaformation.The DCCtranscriptandproteinaremost
abundant in adult mammals in the central and peripheral nervous
system (12). DCC expression in Xenopus laevis is localized predom
inantly to the developing forebrain, midbrain, and hindbrain and
appears to be developmentally regulated in that the protein is seen at
stages 18â€”46but is absent or markedly decreased at earlier and later
developmental stages. Moreover, DCC expression in Xenopus is

markedly reduced if neural structures are not allowed to develop
properly in UV-ventralized embryos (13). In addition to these studies
suggesting a role for DCC in the normal adult and developing nervous
system, Scheck and Coons (14) have suggested that DCC transcript
levels are reduced in the majority of high-grade gliomas, and Ekstrand
et aL (15) have shown altered DCC expression in glioblastoma

xenografts.
To address the proposal that DCC may play a role in glioma

formation and, more specifically, that the loss of DCC expression may
be associated with progression from a low- to high-grade glioma, we
have carried out studies of DCC expression in a panel of 57 human
gliomas. Notably, this panel includes paired low- and high-grade
tumors that represent tumor progression in individual patients.

Materials and Methods

Tumor Spedmens. Formalin-fixed,paraffin-embeddedsections(4-6 pin)
from 57 resected gliomas (representing a total of 42 patients) were obtained
from the IARC (Lyon, France)IDepartment of Neurosurgery, University of
Zurich (Switzerland) and Bridgeport Hospital (Bridgeport, CT). In 15 patients,
paired low (astrocytoma)- and high (glioblastoma multiforme)-grade lesions
from the same site were available. Information regarding patient age and sex

was available in all cases, and tumor localization was known in 56 cases. The
status of EGFR expression, p.53 expression, and mutations had been charac
terized previously in 31 of the glioblastomas (16).

DCC Recombinant Fusion PrOtein. The GST-DCCcytoplasmicdomain
fusion protein has been described previously (12). Briefly, human DCC cDNA
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sequence encoding 295 of the 325 cytoplasmic domain amino acids was cloned
into the BamHI site of the pGEX-3X vector (Pharmacia, Piscataway, NJ).
Large-scale production of the fusion protein was achieved by expansion into 1
liter of Luria-Bertani broth before isopropyl-l-thio-@3-D-galactopyranoside in
duction and purification on a glutathione-agarose column.

Immunoblot Analysis. Proteinlysates were preparedin Iris-bufferedsa
line (25 mM Tris, pH 8) with 1% Triton X-lOO and protease inhibitors (50
,sg/ml antipain, 5 @g/mlaprotinin, 2 @.sg/mlleupeptin, 100 @sg/mlphenylmeth
ylsulfonyl fluoride, I mMEDTA). Lysates underwent SDS-PAGE and Trans
blot semi-dry transfer (Bio-Rad, Hercules, CA) to an Immobilon (Millipore,
Bedford, MA) membrane. The three primary DCC-specific antibody reagents
[a mouse monoclonal antibody (G97-449; IgGl, PharMingen, San Diego, CA)
and two affinity-purified rabbit polyclonal antisera (721 and 724)] react with
cytoplasmic domain epitopes (12). Negative control antibodies were SN3â€”9A
(IgGl), a monoclonalantibodydirectedto the influenzahemagglutinin(gift of
Dr. Jerome Schulman, Mount Sinai School of Medicine, New York, NY), and

purified rabbit immunoglobulin (Pierce, Rockford, IL). The primary antibodies
were used at a concentration of 0.1 @.tg/ml.The secondary goat anti-rabbit!
mouse antibodies coupled to horseradish peroxidase (Pierce) were used at a
1:20,000 dilution. Detection was by enhanced chemiluminescence (Amersham,
Arlington Heights, IL) and exposure to Hyperfilm (Amersham).

Immunostaining. Sections were baked overnight at 65Â°C and then depar

affinized. Endogenous peroxidase activity was quenched with 0.5% H2O2in
methanol. Antigen retrieval was achieved by immersion in citrate buffer
(10 mM) and boiling in a microwave pressure cooker for 30 mm. Paired
sections were incubated with G97-449 and the isotype-matched negative
control monoclonal antibody. A subset of 10cases was also examined with the
rabbit antisera 723 (7), and equivalent results to the G97-449 staining were
obtained. Primary antibodies were used at 1.0 @.sg/ml.Detection was carried out
by the avidin-biotin complex method (Vectastain Elite, Vector Laboratories,
Burlingame, CA) with diaminobenzidine as the chromogen. Slides were coun
terstained with hematoxylin. DCC immunoreactivity was assessed in a blinded
fashion by two observers (M. R-M. and M. A. R.). A specimen was considered
positive if > 10% of the tumor cells demonstrated immunoreactivity compared
with slides incubated with the negative antibody control.

Blocking studies included a 30-mm preincubation (4Â°C)of G97-449 with a
50-fold molar excess of a GST-DCC cytoplasmic domain bacterial fusion
protein or GST alone.

RT-PCR Analysis. Corticalastrocytecultureswereestablishedfromp.53Â±
mice as described previously (17, 18). Total RNA was isolated using Trizol
reagent (Life Technologies, Gaithersburg, MD). First strand cDNA was pre
pared from 3 i.Lgof RNA using avian myeloblastosis virus reverse transcriptase
(Promega, Madison, WI) and random hexamers. One-tenth of the cDNA was
used for each PCR with primer pairs derived from the munne DCC sequence.
DCC 5' primers were 5'-CTCGGAATCCAGCCAGCATA-3' and 5'-CAC
CCCAAGGATCCGTAAGTr-3', and 3' primers were 5'-AACCGACCCTG
CAGGAAGAGAC-3'and 5'-AGCTGCGGAGTGGATGAG11@GG-3'.Am

plifications were performed using the following conditions: hot start followed

by 35 cycles at 94Â°C x I mm, 55Â°C x 1 mm, and 72Â°C x I mm. One-fifth

of each reaction was electrophoresed on a 1.2% agarose gel and visualized with
UV light after ethidium bromide staining. The identities of the DCC products
were confirmed by Southern transfer, hybridization with a DCC 32P-labeled

cDNA probe, and subsequent autoradiography on KOdak X-OMAT film (12).

Statistical Analysis. The relationship between the absence of DCC expres
sion and other molecular parameters was examined by a one-tailed Fisher's
exact test. Comparison of patient age and time to progression as a function of

DCC expression used the a'test. A P value < 0.05 was considered significant.

Results

DCC Expression in Human Gliomas. A mouse monoclonal an
tibody (G97-449) directed to the human DCC cytoplasmic domain
was used in these studies. Its specificity in immunohistochemistry has
been demonstrated previously in studies of DCC expression in paraf
fin-embedded colon carcinomas (7) and neuroblastomas ( 10). Western
blot analysis of rat brain tissue with G97-449 and two affinity-purified
rabbit antisera to the DCC cytoplasmic domain (12) demonstrated the
Mr @200,0OODCC protein and the monospecificity of 097-449 (Fig.
1A). G97-449 immunostaining of paraffin-embedded glioma tissue
compared with an isotype-matched, negative control monoclonal an
tibody was completely eliminated by preincubation with a GST-DCC
cytoplasmic domain fusion protein (12) and was unaffected by GST
alone (Fig. 1B).

A panel of 57 human gliomas that included 16 low-grade diffuse
astrocytomas (WHO grade II) and 41 glioblastomas (WHO grade IV)
was examined. DCC-positive tumors demonstrated predominantly
cytoplasmic staining with some membranous staining, and staining of
neuropil was also commonly observed (Fig. 2). DCC neuronal stain
ing provided an internal positive control in most specimens. Overall,
42 of 57 (74%) tumors were DCC positive. Low-grade gliomas were
predominantly DCC positive (15 of 16, or 94%), whereas the glio
blastomas were less likely to express the DCC protein (27 of 41, or
66%; P = 0.03; Tables 1 and 2). The demonstration that glioblasto
mas more frequently lack DCC expression suggests an association
between DCC expression and glioma progression.

A subset of tumors in the panel provided a unique opportunity to
obtain more direct insight into the role of DCC in tumor progression.
Specifically, matched pairs of tumors were obtained from 15 patients
who had a low-grade glioma at the time of their initial resection and
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Fig. I. Specificity of the G97-449 monoclonal antibody for the DCC protein in normal brain tissue (A) and gliomas (B). A, Westem blot analysis of rat brain tissue with G97-449
andtwo affinity-purified,rabbitantisera(721 and724) also directedto the DCCcytoplasmicdomain.The DCCproteinandmolecularweightmarkersareindicated.B, immunostaining
of the DCC protein with G97-449 is unaffected by preincubation with GST alone (middle) and is eliminated by preincubation with a GST-DCC cytoplasmic domain fusion protein
(right). The left panel is stained with an isotype-matched, monoclonal antibody to the influenza hemagglutinin (20X).
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development, we sought to provide further evidence for DCC expres
sion in nonneoplastic cells of the astrocyte lineage. We studied pri
mary cortical astrocyte cultures from newborn mice heterozygous for
a germ line mutation in one p53 allele (p53Â± mice). Previous studies
have demonstrated the utility of such cultures for in vitro analyses,
because a subset of the cells survive crisis and proliferate as a result
of the loss of the remaining wild-type p53 allele (17, 18). We assessed
DCC expression in the cultures by RT-PCR and immunoblot analyses.
DCC transcripts and protein were demonstrated in these early passage,
nonneoplastic astrocytes (Fig. 3).

DCC Expression and Molecular Pathways to Glioblastoma
,@ Multiforme. Our panel of glioblastomas could also be divided into

S@ â€¢ primary or de novo glioblastomas and secondary glioblastomas that

represent progression from a precursor low-grade tumor. These path
ways can be distinguished by several factors at the molecular level,

S@ most notably EGFR amplification in primary tumors and p.53 muta

â€˜ tions in secondary glioblastomas (Fig. 4; Refs. 16, 19, and 20). We

observed a predominance of DCC-negative tumors among the sec
ondary glioblastomas (8 of 15, or 53%) compared with the primary
glioblastomas (6 of 26, or 23%; P = 0.05; Tables 1 and 2). Secondary
glioblastomas generally occur in a younger age group (19), and a trend
was noted in that DCC-negative glioblastomas occurred in a some
what younger age group (DCC-negative, 47 Â±14 years; DCC-posi
tive, 52 Â±16 years), although this apparent difference did not reach
statistical significance. No statistically significant relationship be
tween DCC expression and EGFR overexpression or p53 mutations
was seen (data not shown).

Discussion

An understanding of the molecular basis of the multistep process of
tumor progression is fundamentally important (21), yet for the vast
majority of malignancies investigators are limited primarily to studies
of tumors compared with counterpart normal tissue and, less often,
metastatic deposits. These limitations have been most notably over
come by the molecular genetic characterization of the accessible,
morphologically distinct tissues of the colorectal adenoma-carcinoma
sequence (22). Although many glioblastomas arise rapidly in a de
novo fashion (i.e. , without demonstrable precursor lesions), a subset
arise from precursor astrocytomas/anaplastic astrocytomas (19, 20,
23). Moreover, sequential resections are often performed in these
patients so that matched-pair tumors from the same site in the same
patient provide an opportunity to directly assess the molecular basis of
tumor progression. We used the astrocytomaâ€”@glioblastomasequence
in the present study to examine the role of the DCC gene in glioma
development and progression.

In this largest study to date of DCC expression in gliomas, we
demonstrated that 34% of glioblastomas do not express the DCC
protein at detectable levels. This finding is supported by two previous
studies of DCC expression in gliomas. Ekstrand et a!. (15) examined
30 human glioma xenografts, predominantly derived from glioblasto

mas, by Western blot and RNase protection analyses. They demon
strated absent or reduced expression in approximately 50% of their
xenograft specimens. Scheck et aL (14) used RT-PCR methodology to
demonstrate reduced/absent levels of DCC transcripts in 7 of 8 (88%)
glioblastomas. Taken together, these studies show that glioblastomas
can be segregated into DCC-positive and DCC-negative subsets. The
somewhat lower frequency of DCC-negative glioblastomas in the
present study likely reflects both sampling and methodological dif
ferences.

The demonstration in this study that virtually all low-grade astro
cytomas expressed DCC, but one-third of glioblastomas lacked DCC
expression, provides support for an association between glioma pro
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who subsequently recurred with a glioblastoma at the site of the initial
tumor. Although 14 of 15 (93%) low-grade tumors expressed the DCC
protein, only 7 of 15 (47%) paired high-grade tumors demonstrated
DCC immunoreactivity (Table 1). The single DCC-negative low
grade astrocytoma progressed to a DCC-negative glioblastoma. This
analysis of paired tumors provides direct evidence that in a subset of
cases DCC expression was lost in the course of glioma progression. In
addition, we noted an interesting trend in the time to tumor recurrence
in this group of 15 patients. Although the single patient with a
DCC-negative astrocytoma (an isodense lesion by computed tomog
raphy) progressed to a glioblastoma I year later, the DCC-positive
low-grade-to-DCC-negative high-grade tumor group progressed at
3.75 Â±1.11 years (mean Â±SE), and the group that retained DCC
expression progressed at 4.57 Â±1.07 years (Table I). The difference
between the latter two groups did not reach statistical significance in
this small subset of patients.

DCC Expression in Nonneoplastic Astrocytes. Although we did
not observe staining of counterpart normal glial cells in the above
tumor specimens, high-level DCC expression in cells of a nonneuro
nal lineage was demonstrated in the choroid plexus of individual
specimens (not shown). In an effort to provide additional support for
our proposal that the loss of DCC expression plays a role in glioma

Fig. 2. Immunohistochemical analysis of DCC expression in gliomas. A, DCC immu
noreactivity is demonstrated in an astrocytoma. B, subsequent progression to a glioblas
toma in patient A demonstrates the loss of DCC expression. C, DCC immunoreactivity in
a second astrocytoma. D, progression to a glioblastoma in patient C again demonstrates
the loss of DCC expression. E, astrocytoma. DCC-negative. F, high-level DCC expression
in a glioblastoma. (A, B. E, and F, 20X; C and D, 40X).
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Table 2 Summary:molecularcharacterization oflow and high-gradegliomasDCC'@EGFPP@53@â€”+â€”

+Wild-typeMutantAstrocytoma

GBMe1 1415 21@d
ND

19 12ND 17ND14PrimaryGBM

SecondaryGBM6 820 756 11
13 115 22 12

DCC LOSS AND GLIOMA PROGRESSION

Table 1 Molecular characterization oflow- and high-grade glionw.ssimilar temporal relationship of events affecting DCC expression and
the development of tumors that arise in distinctly different cell linTimetoprogression

(years)eages suggests that DCC does not play a role in tumor initiation, but
rather in the complex processes (i.e., attachment, invasion, and an

1giogenesis)
that are important in disease dissemination.

Although this study clearly demonstrated that progression froman9astrocytoma
to glioblastoma can occur with or without the lossof5DCC

expression, the time to progression appeared to be somewhat
longer in the group whose tumors retained DCC expression.This5observation

suggests that DCC expression may be useful instratifying6patients
with low-grade gliomas, a disease with a highly variable

natural history (24). A larger scale examination of the possible prog
Inostic value of DCC expression in low-grade gliomas iswarranted.5It

is increasingly clear that glioblastoma multiforme is thecommon2histological
end point for distinct molecular pathways of glioma

formation (19, 20). The panel of tumors in this study representboth4the
de novo pathway (primary glioblastomas) and the pathway that

Patientno.Pathologyâ€•DC(PEGFJ(p53â€•1A+NDND2A+NDNDGBM+NDND3A

GBM+ +ND -NDwt4A

GBM+ +ND -NDm5A

GBM+ +ND -NDm6A

GBM+ +ND -NDm7A

GBM+ +ND -NDm8A

GBM+ +ND -NDm9A

GBM+ -ND -NDm10A

GBM+ -ND -NDwt11A

GBM+ -ND -NDm12A

GBM+ -ND -NDm13A

GBM+ -ND -NDm14A

GBM+ -ND -NDm15A

GBM+ -ND +NDm16A

GBM- -ND -NDm17GBM+NDND18GBM+NDND19GBM+NDND20GBM+NDND21GBM+NDND22GBM+NDND23GBM-NDND24GBM-NDND25GBM+NDND26GBM++wt27GBM++wt28GBM+-wt29GBM+â€”wt30GBM++wt31GBM++wt32GBM++wt33GBM+-m34GBMâ€”+wt35GBM++wt36GBM+â€”wt37GBM++wt38GBM-+wi39GBM+â€”wt40GBM++wt41GBMâ€”+wt42GBM--m

11

2

4

2

aImmunohistochemicalassessmentof DCCexpression.
b Immunohistochemical assessment of EGFR overexpression (16).
C Mutational status of the p53 gene demonstrated by direct sequencing (16).

d Not done.
eGBM,glioblastomamultiforme.
1Astrocytomas are more often DCC-positive compared with glioblastomas (P = 0.03).
a Secondary glioblastomas are more often DCC-negative compared with primary

glioblastomas (P = 0.05).

A
1 2 3 4 5 6 7 8 91011
I I S I S S S S@@

@@@@@ DCC5'

@@ â€”â€”@ Dcc 3'

a A, Astrocytoma (WHO grade II); GBM, glioblastoma multiforme (WHO grade IV).

b Immunohistochemical assessment of DCC expression.
C Immunohistochemical assessment of EGFR overexpression (16). ND, not done.

d Mutational status of the p53 gene demonstrated by direct sequencing (wtlm; Ref. 16).B

@ 2
â€¢wt,

wild-type; m, mutant.â€¢14

@4â€”DCCgression
and DCC gene inactivation, an association initiallysuggestedSby

the work of Scheck and Coons (14). More importantly, the exam
ination of paired astrocytoma-glioblastoma specimens directly dem
onstrated the loss of DCC expression with glioma progressioninapproximately

50% of the examined cases. This provides compelling
evidence that the DCC-negative subset of glioblastomas is dueto,@DCC

inactivation rather than malignant transformation of a DCC
negative astrocytoma precursor. The demonstration of DCC expres
sion in nonneoplastic astrocytes also supports this proposal. DCC
inactivation is a relatively late event, as it occurs predominantly afterFig.

3. DCC expression in murine astrocytes from p5.3Â± mice. A, Southem blot
analyses of RT-PCR products obtained with two different sets of DCC primers (DCC 5'
and DCC 3'). Lanes 1â€”10contain RT-PCR products of RNA isolated from astrocyte
cultures at the indicated passage: Lane 1, p3; Lane 2, p4; Lane 3, p5; Lane 4, p6; LaneS,
p8; Lane 6, p9; Lane 7, plO; Lane 8, p11; Lane 9, pl3; and Lane 10, p14. Lane 11 isathe

formation of a low-grade astrocytoma, and it also appears to be a
later event in colorectal tumorigenesis (22). Although the functional
role of DCC in the malignant process remains poorly understood, thenegative

control (no template DNA). B, immunoblot analysis with antibody 723. Lane 1,
SJNB-20 neuroblastoma positive control; Lane 2. p53Â±astrocytes at passage 2. The
exposure times for Lanes I and 2 are I and 10 mm, respectively. The DCC protein and
molecular weight markers are indicated.
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Fig. 4. Molecular pathways to glioblastoma multiforme. The primary. or de noi'o,
pathway (right) is contrasted to the secondary pathway. DCC expression is more fre
quently lost in secondary glioblastomas, although a subset of de nos'o glioblastomas are
also 0CC-negative [modified from Louis and Gusella ( 19) and Kleihues et al. (20)1.

relationship between loss of DCC expression and younger patient age,
a defining clinical characteristic of the secondary pathway, does not
reach statistical significance.

In summary, we have provided evidence that strongly implicates
the DCC gene in glioma progression, and we have also shown that
DCC expression helps to further define at the molecular level distinct
pathways to glioblastoma multiforme. A full appreciation of the role
of DCC in glioma progression awaits an understanding of its molec
ular function and mechanism of inactivation.
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involves progression from a lower-grade astrocytic lesion (secondary

glioblastomas). Although there are several molecular genetic distinc
tions between these pathways, two major defining characteristics are
frequent EGFR gene amplification (primary glioblastomas) and p53
mutations (secondary glioblastomas; Fig. 4). In this study, we provide
the first evidence that assessment of DCC expression adds to the
molecular characterization of these pathways in that secondary glio
blastomas are more frequently DCC-negative. However, it is impor
tant to note that DCC may also play a lesser role in the de novo
pathway, as 23% of primary glioblastomas studied were DCC-nega
tive. In this respect, DCC expression is distinguished from EGFR
amplification and p53 mutations, which are largely exclusive to the
primary and secondary glioblastoma pathways, respectively (16). This
apparent involvement in both pathways also may explain why the
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