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DCC: Linking Tumour Suppressor Genes and
Altered Cell Surface Interactions in Cancer?*

K.R. Cho and E.R. Fearon

The Deleted in Colorectal Cancer (DCC) gene is a candidate tumour suppressor gene encoding a neural cell
adhesion molecule-like transmembrane protein. Over the last year, data supporting DCC inactivation in multiple
tumour types have continued to accumulate. Functional studies suggest that DCC may participate in signalling
pathways that regulate cell proliferation and/or differentiation, two cellular processes that often go awry during
tumorigenesis.
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INTRODUCTION

DEFECTS in the expression and regulation of cell surface mol-
ecules may underlie many of the altered phenotypic properties
of cancer cells, including their altered morphology, invasiveness,
and ability to metastasise. Some genes encoding cell surface
proteins that regulate cell-cell and/or cell-substrate interactions
may be targeted for inactivation by inherited and/or somatic
mutations in human cancer and as such, may be tumour sup-
pressor genes. The expression of other tumour suppressors may
be altered as a result of epigenetic mechanisms or defects
in upstream regulatory genes. This review will focus on a
chromosome 18q gene, termed DCC (for deleted in colorectal
cancer), that may have an important role in effecting the altered
cellular phenotype of cancer cells. We will review: (i) the
identification and characterisation of DCC; (ii) the data suggest-
ing that DCC inactivation may be a common event not only in
colorectal cancers, but in a number of other tumour types;
(iii) evidence suggesting that DCC inactivation may contribute
to the ability of tumour cells to invade and metastasise; and
(iv) the functional studies of DCC which support the notion that
inactivation of DCC may lead to a loss of growth and/or
differentiation control through a failure of the cells to respond
to normal environmental cues provided by interactions at the
cell surface.

Identification and characterisation of DCC
Tumour suppressor genes may be inactivated by several
different mechanisms, including localised mutations or deletions
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of large chromosomal regions. Typically such deletions involve
one of the two parental chromosome sets, or alleles, present in
normal cells and are thus referred to as losses of heterozygosity
(LOH) or allelic losses. In accord with an hypothesis originally
proposed by Knudson [1], LOH usually unmasks a more subtle
recessive mutation in the retained copy of a tumour suppressor
gene.

A systematic study evaluating the prevalence of LOH of the
non-acrocentric chromosomal arms in a series of colorectal
tumours identified frequent LOH of chromosomes 5q, 17p and
18q [2, 3]. Specifically, allelic losses affecting 18q were detected
in more than 70% of primary colorectal carcinomas, in approxi-
mately 50% of advanced adenomas, and infrequently in earlier
stage adenomas. Several colorectal tumours that had LOH of
some, but not all of the 18q markers were subsequently studied
with additional 18q markers in order to localise a region of LOH
common to each of these tumours, presumably containing the
suppressor gene target [4]. Two tumours were found to have
somatic mutations involving or immediately flanking an anony-
mous marker (pI5-65) from within the commonly deleted
region. These mutations included one tumour with loss of both
copies of the 18q region containing p/5-65 (homozygous loss)
and a second tumour with a point mutation that appeared to
generate a novel splice acceptor site. Exons of DCC were
subsequently identified in the region surrounding the pl5-65
marker. Sequencing of DCC ¢cDNAs revealed that the gene
encodes a 1447 amino acid transmembrane protein with signifi-
cant similarity to the neural cell adhesion molecule (NCAM)
family of cell surface proteins [4, 5].

The human DCC gene is very large, spanning greater than
1.35 million base pairs at chromosome band 18q21.1 [6], and
including at least 29 exons [7]. DCC transcripts of approximately
12 kb have been identified by Northern blot analysis of adult and
fetal brain tissues [4]. The DCC gene encodes a transmembrane
protein with a single membrane spanning region separating the
extracellular and cytoplasmic portions. The extracellular domain
sequences bear strong similarity to those found in proteins
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involved in ligand binding or cell-cell interactions and include
four immunoglobulin-like domains and six fibronectin type III-
like motifs (Figure 1). The cytoplasmic domain of approximately
325 amino acids shares very little similarity to any other known
proteins. DCC homologues have been identified and character-
ised in full or in part from other vertebrate species, including rat
[4], chicken [8], and Xenopus laevis [9]. The predicted protein
products are very well conserved (80-85% amino acid identity
in Xenopus, 94% identity in chicken).

Alternatively spliced forms of DCC gene transcripts have
been characterised {10]. In this regard, DCC is similar to other
NCAM-like genes. For example, alternative splicing of NCAM
transcripts has been identified in regions between the fibronectin
type III-like domains, and is thought to introduce a “hinge” into
the extracellular domain. Tissue-specific alternative splicing of
a 20 codon region between the fourth and fifth fibronectin-like
domains of DCC has been identified and may have similar
functional consequences. In addition, a 6 bp region in the
cytoplasmic domain of DCC has also been shown to be affected
by alternative splicing. This alternative splice affects a consensus
casein kinase II phosphorylation site and is similar to an alterna-
tively spliced region in the cytoplasmic domain of L1. The
functional consequences of the alternative splicing of DCC
transcripts have yet to be determined.

Several studies have shown that the DCC gene is expressed,
albeit at very low levels, in most normal adult tissues [4, 10].
Highest expression is observed in the central nervous system
[S, 10]. Detection of DCC transcripts usually requires sensitive
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RT-PCR based analyses; however, in a subset of adult tissues,
DCC protein has been detected by immunoblot and/or immu-
nohistochemical stains. These tissues include rodent brain and
bladder [10], Xenopus stomach, lung and kidney (Pierceall WE
and Fearon ER, unpublished), human neural tissues and colonic
epithelium [5], and several murine and avian tissues, including
epithelia of the gut, skin, lung, mammary gland and bladder [8].
In many mature epithelia, DCC expression appears to be
restricted to the proliferative compartment [8], suggesting that
DCC may play a role in regulating cell proliferation.

DCC appears to be frequently inactivated in colorectal cancers and
other tumour types

As discussed above, 18q losses of heterozygosity are present
in the majority (>>70%) of colorectal carcinomas. In greater than
90% of carcinomas with 18q allelic loss, the altered region
includes the DCC locus. Moreover, marked reduction or loss of
DCC mRNA expression is observed in more than 50% of
primary colorectal cancers [11] and in 85% of colorectal tumour
cell lines [4] suggesting that the retained DCC allele may be
inactivated by a more localised mutation in many, if not the
majority, of cases. Given the large size (>1350 kb) and com-
plexity (29 exons with alternative splicing) of the gene, only a
very small subset of DCC sequences have been systematically
evaluated for localised mutations [7]. Nevertheless, somatic
mutations have been identified in some cases. Approximately
10-15% of tumours have insertions in a microsatellite sequence
located downstream of one of the DCC exons [4]. This finding
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Figure 1. Schematic representation of the predicted structure of the DCC protein and selected transmembrane proteins containing
immunoglobulin (Ig)-like domains. Growth factor receptors with Ig-like domains are shown, including the platelet-derived growth factor
receptor (PDGFR) and fibroblast growth factor receptor (FGFR). A transmembrane tyrosine phosphatase known as the leucocyte antigen-
related (LAR1) protein contains multiple Ig-like and FN type Ill-like extracellular domains and a protein tyrosine phosphatase cytoplasmic
domain. Several other growth factor receptors, including the granulocyte colony stimulating receptor (G-CSFR) and the gp130 cytokine
receptor dimeric partner protein, contain multiple FN type III-like domains and lack obvious catalytic domains in their cytoplasmic sequences.
The structure of the NCAM-related molecule L1 is also shown. Neogenin is an avian cell surface protein closely related to DCC [47]. Like
DCC, neogenin appears to play an important role in intercellular signalling and the regulation of neuronal differentiation.



Interactions Between Tumour Suppressor Genes and Altered Cell Surface

is particularly intriguing in light of the more generalised insta-
bility of microsatellite sequences identified in a subset of sporadic
colorectal cancers and in colorectal tumours of patients with the
hereditary non-polyposis colorectal cancer (HNPCC) syndrome
[12-14]. These insertions might affect DCC transcription or
processing of transcripts, but functional support for this proposal
has not yet been obtained. In addition, somatically acquired
point mutations have been identified in three primary colorectal
cancers (4, 7], including two mutations in introns and one in
exon 28 (Pro — His).

Preliminary immunohistochemical studies have provided data
suggesting that, although DCC protein expression is detectable
in hyperplastic polyps and most adenomatous polyps of the
colon, its expression is markedly reduced or absent in most
colorectal cancers [5]. Mucinous carcinomas appear to retain
DCC expression, perhaps in part, because they do not frequently
exhibit 18q LOH [S]. Therefore, although the mechanisms
(besides 18q LOH) underlying the loss of DCC expression have
not yet been elucidated in most colorectal cancers, based on the
loss of gene expression in the majority of cases and the somatic
mutations identified in the gene, DCC remains the most promis-
ing candidate colorectal tumour suppressor gene identified to
date on chromosome 18q.

Recently, mounting evidence has been obtained that DCC
may be inactivated in several tumours arising outside the colon
and rectum, including epithelial tumours of the stomach, pan-
creas, endometrium, breast, prostate, oesophagus, and bladder,
as well as in male germ cell tumours, some leukaemias, and
gliomas. The data providing evidence for DCC inactivation in
non-colorectal tumours are summarised in Table 1. Support for
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DCC inactivation in these tumours includes frequent LOH of
the portion of chromosome 18q harbouring the DCC gene,
markedly reduced or absent DCC mRNA expression, aberrantly
sized DCC transcripts, homozygous loss of DCC in several
cases, and in a few cases, intragenic point mutations. Notably,
one of the two homozygous deletions affecting the DCC gene in
a panel of 91 male germ cell tumours resulted in complete loss of
the 3’ region of the DCC gene, but did not affect most 5’ exons
[15]. In contrast, a homozygous deletion of DCC identified in a
primary colorectal cancer resulted in complete loss of the 5’
region of DCC (exons 1-12), with one copy of chromosome 18q
harbouring DCC exons 13-29 retained in the tumour [4]. If each
of the homozygous losses provided a growth advantage to
the tumour cells because they inactivated the same tumour
suppressor gene(s) on 18q, then the only possible candidate
genes include DCC and any still to be identified genes that may
be contained within DCC introns.

DCC inactivation may contribute to the ability of cancer cells 1o
tnvade and/or metastasise

Patients whose colorectal cancers have 18q LOH have an
increased likelihood of distant metastasis and death from their
disease [16]. Recent studies have provided evidence that 18q
allelic loss (presumably including loss of DCC) may be a strong
predictive factor for deep muscle and lymphatic invasion and
hepatic metastasis [17] and for death in patients with stage II
cancers [18]. These findings suggest that colorectal tumours
with 18q LOH tend to behave more aggressively and metastasise
more readily. This notion is underscored by the fact that the
prevalence of 18q LOH rises to nearly 100% in colorectal

Table 1. Evidence for DCC inactivation in tumours arising outside the colon and rectum

Cancer type Summary of data

References

QGastric carcinoma 18q LOH in 61%

Pancreatic carcinoma

18q LOH in 80%

Breast carcinoma Decreased, absent, or altered transcripts in 70%
18q LOH in 30%

Prostate carcinoma 18q LOH in 2645%

Decreased or absent DCC expression in 86%

Endometrial carcinoma 18q LOH in 26-40%

Reduced or absent DCC expression in 50%

Oesophageal carcinoma 18q LOH in 23-24%

Somatically acquired missense point mutation in metastatic

lesion

Bladder carcinoma

Gliomas Reduced or absent DCC expression in 68% (86% in
glioblastomas)
Male germ cell tumours 18q LOH in 45%

Homozygous loss of DCC (2/91 cases)

Decreased or absent DCC expression in 50%

18q LOH in 35%, association with muscle invasive disease

Uchino ez al. [31]

Hohne et al. [32]
Seymour et al. [33]

Thompson ez al. [34]
Devilee et al. [35]

Latil et al. [36], Gao et al. [37], Brewster et
al. [38]
Gao et al. [36]

Imamura et al. [39], Gima et al. [40]
Gima et al. [40]

Miyake et al. [41], Huang et al. [42]
Miyake et al. [41]

Brewster et al. [20]
Scheck and Coons [43]

Murty et al. [15]

Reduced or absent DCC expression in 29%

Leukaemias

Reduced or absent DCC expression in 24—-33%
Homozygous loss of DCC (1/64 cases)
Loss of DCC expression in all 4 cases with monosomy 18

Miyake et al. [44]
Miyake et al. [44]
Porfiri et al. [45]

Reduced or absent DCC expression in 71% of overt leukaemias Miyake ez al. [46]
arising from myelodysplastic syndrome
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carcinoma metastases to the liver [17, 19]. In another study,
all four colorectal carcinomas associated with liver metastases
showed decreased DCC mRNA expression [11]. Moreover, data
suggesting that DCC inactivation contributes to aggressive
tumour behaviour are not limited to studies of colorectal
tumours. In bladder carcinomas, allelic loss at the DCC locus is
associated with muscle invasive disease in a statistically signifi-
cant manner [20].

Functional studies of the DCC gene

Many different classes of cell-surface proteins, including
integrins, cadherins, and immunoglobulin superfamily cell
adhesion molecules (CAMs), are known to have critical roles in
embryonic development, the differentiation of various cell types,
and the regulation of cell proliferation [21-23]. DCC bears
the most similarity to the neural cell adhesion branch of the
immunoglobulin superfamily of cell-surface proteins [4, 5].
While several of the immunoglobulin superfamily CAMs
mediate cell adhesion through homotypic interactions, others
function through heterotypic interactions between opposing cell
surfaces. Furthermore, immunoglobulin-like domains and/or
fibronectin type III-like repeats characterise several other cell-
surface proteins that function as growth factor receptors, rather
than as cell adhesion molecules. Although preliminary studies
from one group suggest that DCC may mediate Ca®"-inde-
pendent cell aggregation ¢n vitro through heterotypic interactions
[8], others have not had success in demonstrating DCC-mediated
cell aggregation in various DCC transfected cell lines (Ekstrand
BC and Fearon ER, unpublished). Thus, although DCC may
function as a cell adhesion molecule, further studies will be
necessary to firmly establish this proposal. Moreover, the
extremely low levels of DCC expression in most adult tissues
suggest that DCC is unlikely to function generally in cell—celi or
cell-matrix adhesiveness. Rather, it seems more likely that DCC
may function in specific signalling processes that regulate cell
proliferation and/or differentiation, although ligands and/or
receptors for DCC have not yet been identified.

Recent studies of the expression of DCC in chick, mouse, and
frog embryonic development have provided some support for
the proposal that DCC may regulate proliferation and differen-
tiation in dividing cell populations. Collectively, these studies
also provide some insights into the mechanisms by which DCC
gene inactivation may contribute to tumorigenesis. During chick
and mouse early embryonic development, DCC is expressed in
all epithelial cell layers of the gut, skin, mammary glands, lung,
and urinary bladder [8]. However, as the epithelia mature, DCC
expression apparently becomes limited to proliferating cells (e.g.
intestinal crypts and basal layers of squamous epithelia), and
is markedly reduced or absent in differentiated cell types.
In some tissues, DCC may function, at least in part, via
epithelial-mesenchymal interactions. Studies utilising an
embryonic chicken skin explant culture model of feather bud
development suggest that DCC function in epithelia is essential
for the condensation of underlying mesenchymal cells leading to
the formation of feather placodes [8].

DCC expression in Xenopus embryos has been shown to vary
dynamically during development [9]. DCC is induced during
neurulation and rises throughout the developmental stages in
which brain segmentation and neural cell specification take
place. The expression is then markedly reduced prior to meta-
morphosis. In the developing neural tube, DCC expression does
not appear to be continuous, but is restricted to certain regions
of the hind-, mid-, and forebrain. This restricted pattern of gene
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expression appears to correspond to the compartmentalisation
that is known to occur in the developing vertebrate neural tube.
Furthermore, DCC expression is seen predominantly in the
intermediate and dorsal regions of the developing neural tube,
and not in the floorplate or notochord. The regions in which
DCC is most highly expressed have been proposed to contain
both proliferating and differentiating cells [24]; thus it appears
that DCC may play an important role in regulating cell specifi-
cation and/or proliferation in the developing nervous system. As
DCC is also expressed in some mature vertebrate tissues, it
appears that DCC may regulate proliferation and differentiation
of selected cell populations in the adult as well. Inactivation of
DCC function in these cells could thus contribute to several of
the phenotypic properties often recognised in tumour cells,
namely, loss of growth control and aberrant differentiation.

Other studies support the notion that DCC may have a
critical functional role in differentiation pathways and cell fate
determination. PC12 is a rat adrenal pheochromocytoma cell
line that can be induced to differentiate to a sympathetic neuronal
phenotype in response to nerve growth factor (NGF), fibroblast
growth factor, or a subset of extracellular matrix components
and cell adhesion molecules. NGF-mediated morphological
differentiation of PC12 cells is inhibited in cells transfected with
and expressing high levels of an antisense DCC expression
construct or when the PC12 cells are incubated with antisense
DCC oligonucleotides [25]. Other studies have shown that
NIH3T3 cells expressing the full-length DCC protein can stimu-
late morphological differentiation of PC12 cells through signal-
ling pathways distinct from those utilised in NGF-mediated
differentiation [26]. Thus, while the data from both sets of
studies suggest a role for DCC in mediating differentiation of
PC12 cells, the findings suggest that DCC may have a complex
role in the process. The antisense studies suggest that DCC may
function in some sense as a receptor on the PC12 cells, while the
studies utilising DCC-expressing NIH3T3 cells suggest that
DCC may function as a ligand for an as yet undefined receptor
on PC12 cells.

Some of the strongest evidence supporting DCC’s role as a
tumour suppressor gene has been obtained from studies showing
suppression of tumorigenicity by reconstitution of DCC function
in tumour cells lacking DCC expression. Introduction of chro-
mosome 18 (and presumptively wild-type DCC) into COKFu
colon carcinoma cells resulted in suppression of growth in soft
agar and suppression of tumorigenicity in nude mice [27].
More recent studies directly implicate DCC as the gene on
chromosome 18q responsible for this effect, in at least some
cases. Expression of full length, but not truncated DCC, in
transformed keratinocytes lacking DCC expression suppressed
tumorigenicity of these cells in nude mice [28, 29]. Furthermore,
tumorigenic reversion of initially suppressed transfectants was
associated with loss of DCC expression and loss or rearrangement
of transfected DCC sequences.

A number of tumour suppressor genes have been identified
and characterised thus far, and it is interesting to note that their
protein products appear to function in several different cellular
compartments, including the nucleus (e.g. pS3, pl05SRB, and
WT1), the cell cytoplasm (e.g. APC and NF-1), and at the
cell surface (e.g. NF-2, DCC). A large body of evidence has
established that tumours arise from the accumulation of multiple
genetic alterations [30]. In a somewhat similar manner, it seems
reasonable to expect that in any given tumour type, alterations
of signalling pathways in several different cellular compartments
may be required to bring about the fully malignant phenotype.
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DCC is a cell surface protein that is differentially expressed
during development, and is expressed in specific subsets of cells
in mature tissues. In some tissues, such as gut and cutaneous
epithelia, DCC expression appears to be primarily restricted to
the proliferative compartment. In others, such as the central
nervous system, DCC expression is noted primarily in differen-
tiated cells. Inactivation of DCC may thus have different conse-
quences in different cell types, and it is hoped that further
studies will identify the means by which DCC inactivation may
contribute to the altered properties of cancer cells, with respect
to aberrant growth control and loss of differentiation.

CONCLUSION

Many reports have detailed the phenotypic alterations
observed in cancer cells, including changes in cell morphology
and tissue architecture, loss of differentiated phenotype,
decreased cell adhesion and aggregation, increased motility, and
invasive behaviour. The molecular events underlying these
alterations in cell phenotype have yet to be fully understood,
however, cell surface proteins that mediate cellular responses to
environmental cues through cell—cell or cell-matrix interactions
are likely to be among the targets for inactivation during
tumorigenesis. A candidate tumour suppressor gene termed
DCC has been identified within the region of chromosome 18q
commonly deleted in colorectal cancers. The gene encodes a
transmembrane protein with strong structural similarity to
NCAM. Expression of this gene is markedly decreased or absent
in the majority of colorectal cancers and cell lines, and somatic
mutations within the DCC gene have been observed in a subset
of cases. Thus, DCC represents the strongest candidate tumour
suppressor gene on 18q identified to date. Additional studies
should enhance our understanding of DCC function in
developing and mature tissues and more conclusively establish
its role in tumour suppression.
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