
Identification of a Chromosome 18q Gene That 
Is Altered in Colorectal C,ancers 

ALlelic deletions involving chromosome 18q occur in 
more than 70 percent of colorectal cancers. Such deletions 
are thought to signal the existence of a tumor suppressor 
gene in the affected region, but until now a candidate 
suppressor gene on this chromosomal arm had not been 
identified. A contiguous stretch of DNA comprising 370 
kilobase pairs (kb) has now been cloned from a region of 
chromosome 18q suspected to reside near this gene. 
Potential exons in the 370-kb region were defined by 
human-rodent sequence identities, and the expression of 
potential exons was assessed by an ccexon-connection~' 
strategy based on the polymerase chain reaction. Ex- 
pressed exons were used as probes for cDNA screening to 
obtain clones that encoded a portion of a gene termed 
DCC; this cDNA was encoded by at least eight exons 

within the 370-kb genomic region. The predicted amino 
acid sequence of the cDNA specified a protein with 
sequence similarity to neural cell adhesion molecules and 
other related cell surface glycoproteins. While the DCC 
gene was expressed in most normal tissues, including 
colonic mucosa, its expression was greatly reduced or 
absent in most colorectal carcinomas tested. Somatic 
mutations within the DCC gene observed in colorectal 
cancers included a homozygous deletion of the 5' end of 
the gene, a point mutation within one of the introns, and 
ten examples of DNA insertions within a 0.17-kb frag- 
ment immediately downstream of one of the exons. The 
DCC gene may play a role in the pathogenesis of human 
colorectal neoplasia, perhaps through alteration of the 
normal cell-cell interactions controlling growth. 

C URRENT THEORIES ON THE ORIGIN OF HUMAN CANCER 

suggest that it arises, at least in part, from the accumulation 
of genetic changes in a single cell (1). These genetic 

alterations include the somatic activation of cellular oncogenes 
through point mutation, rearrangement, or amplification (2); and 
the germline or somatic inactivation of tumor suppressor genes 
through point mutation or deletion (or both) (3). This model is 
supported by studies of human colorectal tumors demonstrating 
that the progressive accumulation of genetic changes in both 
oncogenes and tumor suppressor genes parallels ;he clinical progres- 
sion of colorectal tumors from normal epithelium to benign tumors 
and further to the malignant stage of ;he disease (4). ~pecificall~, 
mutations in the Ki-ras gene are present in approximately 50 percent 
of large colorectal adenomas and a similar percentage of colorectal 
carcinomas (4, 5 ) .  In addition, the loss of sequences on several 
chromosomes commonlv occurs in colorectal cancers; the most 
frequently affected regions are chromosomes 17p and 18q, each of 
which is lost in more than 70 percent of carcinomas (4, 6-8). 

Chromosomal losses in human tumors have been regarded as 
evidence that the affected regions contain tumor suppressor genes. 
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The tumor suppressor gene represents the critical gene (target) of 
the allelic loss event (3). Such genes have been postulated to encode 
proteins that regulate normal growth, and thus indirectly suppress 
neoplastic development. In cells, these genes may act recessively, so 
that both maternal and paternal copies of the gene product must be 
inactivated in order for the suppressor function to be eliminated. 
This model for tumor suppressor genes, originally postulated by 
Knudson (3), has gained support from the study and molecular 
cloning of the retinoblastoma (RB) gene on chromosome 13q (9). 
Recent evidence suggests that the target of chromosome 17p loss in 
colorectal tumors is the p53 gene (10). The frequent loss of 
chromosome 18q sequences in colorectal carcinomas would then 
imply that this region might also contain a tumor suppressor gene, 
which we sought to identify. 

Somatic genetic changes detected on chromosome 18q. We 
have previously localized the common region of deletion on chro- 
mosome 18 to 18q21-qter (4). Several genes have been mapped to 
this region, including the bcl-2 gene (II) ,  the gastrin-releasing 
peptide gene (12), and the cellular homologue of the yes-1 oncogene 
(13). Using probes for these genes and several others from the 
region, we did not detect any abnormalities in DNA (Southern) 
blots in any colorectal carcinoma sample tested. However, we found 
two tumors with interesting hybridization patterns when DNA 
from these cases was probed with p15-65, a DNA fragment from 
the D18S8 locus previously mapped to 18q21.3 (14). One carcino- 
ma (S115) showed a complete (homozygous) deletion of the 
sequences detected by this probe. Both the 10.5- and 7.8-kb alleles 
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flg. 1. Alterations in colorectal tumors at a chromosome 18q locus. (A) 
DNA was isolated from cryostat sections (6) of tumor tissue (T) or adjacent 
normal colonic mucosa (N) and Southern blots were prepared as described 
(44). Panel 1 shows an example of allelic loss in a colorectal tumor at the 
locus detected by p15-65 (14). Two alleles were present in the normal DNA, 
but only the 7.8-kb allele was present in the DNA from the tumor. Panel 2 
shows a homozygous loss of sequences detected by p15-65 in tumor S115. 
In vanel 3. rehvbridization of this blot to a vrobe from another chromosome 
(44 demdnstra'ted that approximately equai amounts of DNA were placed in 
lanes containing either normal or tumor DNA's. Panel 4 shows the gain of 
heterozygosity at the same locus in the S123 tumor; a 10.5-kb fragment was 
present in tumor DNA that was not present in DNA from the normal tissue 

present in the non-neoplastic tissue of the patient were lost in the 
tumor (Fig. lA, panel 2). Rehybridization of this filter to a 
polymorphic probe derived from another chromosome served to 
control for equal "loading" of normal and tumor DNA (Fig. lA, 
panel 3). Previously, the somatic loss of both maternal and paternal 
copies of a gene was observed only at the RB locus (9), the p53 locus 
(IS), a locus on chromosome l l p  (16), and a locus on 9p (17). At 
least the first three of these loci appear to encode tumor suppressor 
genes, the identification of a homozygous deletion with the p15-65 
probe suggested that the sequences detected might be near a 
putative tumor suppressor gene on chromosome 18q. 

Allelic losses of h e  sequences detected by p15-65 were observed 
in 71 percent of coloreaal carcinomas studied (for example, Fig. lA, 
panel 1). In addition to these allelic losses and the homozygous loss 
in S115, one other tumor (S123) with abnormal hybridization to 
the p15-65 probe was identified among 120 colorectal tumors 
analyzed. DNA from normal colonic mucosa of patient S123 was 
homozygous for the 7.8-kb Msp I allele detected by p15-65 (Fig. 
lA, panel 4). Howqer, DNA from the tumor of this patient was 
apparently heterozygous at this locus, with alleles of 7.8 and 10.5 kb 
(Fig. lA, panel 4). The tumor from this patient had "gained" rather 
than lost heterozygosity. 

To determine the molecular basis for this gain in heterozygosity, 
genornic DNA clones containing the affected Msp I site were 
isolated from the carcinoma of patient S123 and the sequences were 
compared to those of normal DNA. Except for Msp I, the restriction 
maps of this region were identical in the tumor and normal tissue of 
patient S123 indicating no gross DNA additions or deletions in the 
tiunor. The affected Msp I site was within an Alu-type repeated 
element; approximately 300 base pairs (bp) surrounding this Msp I 
site were 75 to 80 percent identical to recorded human Alu 
sequences. The sequence of the cloned DNA fragment from the 
S123 tumor DNA differed from the normal allele at a single base 
pair, resulting in the replacement of the internal G residue within 
the Msp I recognition sequence 5'-CCGG-3' with an A residue 
(Fig. 1B). This mutation created a potential 3' splice acceptor site 
(Fig. lB), identical to the consensus sequence for intron-exon 
junctions of primate genes (18, 19).  ita at ions creating splice 
acceptor sites associated with abnormal RNA processing have been 
previously noted in inherited diseases such as thalassemias (20). 

Identification of expressed sequences. The data described above 
demonstrated that colorectal carcinomas from two different ~atients 
had acquired somatic mutations at the same locus on chromosome 
18q, and that this locus was within a region of the chromosome in 

of the same patient. The sizes of the DNA fragments in kilobases are 
indicated to the left of the panels. (B) Sequences at the Msp I site altered in 
the S123 tumor. The sequence of a normal allele and the allele from the S123 
tumor that could not be cleaved by Msp I are shown. The single difference 
noted was a substitution of A for G in the Msp I cleavage site of the tumor 
allele; this mutation is underlined. The consensus sequence of the 3' splice 
acceptor site for primate genes (18) is also shown. The abbreviation N 
indicates any nucleotide, and where two nucleotides are specified for a 
position, the one above is more common than the one below. A potential 
lariat site (CTCAC) (19) is indicated by a line over the sequence. The normal 
allele and the S123 tumor allele were cloned and sequenced as described (46). 

which allelic deletions were Erequent. They also suggested that this 
locus might contain sequences encoding a tumor suppressor gene, 
and further studies were undertaken to identifjr expressed sequences 
from this genomic region. First, phage clones that encompassed a 
35-kb region surrounding the mutated Msp I site of tumor S123 
were isolated. All Eco RI fragments from the phage dones were 
subcloned and used in hybridization experiments (Northern blots) 
with RNA of normal colonic mucosa and cell lines derived from 
tumors of the colon and several other organs. No expression was 
detected in these experiments, nor was expression detected in 
ribonuclease (RNase) protection studies of these RNA samples 
using selected subfragments from the phage clones. A bidirectional 
chromosomal walk from this region of chromosome 18q was then 
achieved with bacteriophage vectors (Fig. 2). More than 140 
different clones, spanning approximately 370 kb, were isolated in 30 
rounds of walking (Fig. 2). To identif) potential exons on the basis 
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Fig. 2. Map of the chromosomal walk and cross-hybridizing fragments 
showing the DNA region of approximately 370 kb, cloned in 30 rounds of 
walking; only the maximal walk for each of the rounds is shown (47). The 
map position at "0" marks the location of p15-65. An Eco RI map for the 
region was constructed and the Eco RI fragments that hybridized at reduced 
stringency (48) to rodent, chicken, or Xenopuc DNA samples are indicated by 
solid boxes and alphabetical letters (A to X). Human fragments G, I, J, K, M, 
0. and P were used to isolate rat dones as described (50). The minimal 
reson of cross-hybridization was identified and sequen&d for both human 
and rat f rments .  The locations of the Eco RI framnents that hvbridized to a 

cDNA d o k  (Fig. 5) are indicated by arrows. 
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Fig. 3. Cross-species hy- I! H Y M R H C F Y  

bridization of human frag- 
ments 0 and P. Autora- - -23- 

-9  3- 
diographs of Southern -5 6- 

blots of DNA h m  mouse 4 4- 

(M), rat (R), hamster (H), -2 3- 
chicken (C), Xenopuc laevis - 
( F ) ,  and Saccharomyces 
cerviseae (Y) hybridized to 
human fragment 0 (left) 
and human fragment P (right) are shown. The size of the corresponding 
molecular markers in kilobases are indicated between the two panels. DNA 
(5 pg) was placed in each lane, except for lane Y, which contained 0.5 pg. 
Southern blotting and hybridization were performed as dexribed (48). 

of their homology to other species, we isolated every Eco RI 
fragment from the-region and &xi each as a hybridization probe at 
reduced stringency to screen DNA samples from various species 
(mouse, rat, hamster, chicken, and Xenopus) (21). Twenty-four of 
the 117 Eco RI fragments hybridized to discrete DNA fragments of 
at least one of the species tested (Fig. 2). The patterns observed with 
two of the fragments producing strong cross-species hybridization 
are illustrated in Fig. 3. Fragment P (subcloned from phage clone 
W5-6) hybridized to mouse, rat, hamster, and Xenopus DNA's, and 
fragment 0 (subcloned from phage clone W5-5) hybridized to 
mouse, rat, ,and hamster DNA's (Fig. 3). Most of the cross-species 
hybridizing fragments were then used as probes to screen RNA - - 

blots prepared with RNA of various n o r d  tissues or tumor cell 
lines, and they were also used to screen cDNA libraries from normal 
colonic mucosa specimens, a colorectal adenoma cell line, a brain 
tumor. a fibrosar&ma line. and an embrvonal carcinoma line. No 
evidence for expression wi& obtained frdm these RNA blots, nor 
were .any hybridizing clones identified in any of the cDNA libraries 
when the cross-hybridizing fragments were used as probes. 

Fig. 4. Sequence of three homolo ous 
pairs offi-agments h m  the human anjrat. 
The nucleotide sequence, predicted amino 
acid (AA) (49) sequence and splice accep- 
tor and donor features of the human frag- 
ments and their corresponding rat se- 
quences. The nudeotide sequences of the 
rat fragments were identical to chose of the 
human except where indicated. When the 
predicted amino acid sequence of the rat 
differed from that of the human, the hu- 
man sequence is given on the left of the 
slash and the rat sequence on the right. 
The regions in human fragment 0 and P 
where no corresponding sequence was 
available for the rat are indicated by the 
dashed lies. The predicted intron-exon 
boundaries are indicated by solid arrow- 
heads, and the potential lariat signal pre- 
ceding the splice acceptor sequence is over- 
lined. Rat clones were obtained as de- 
scribed (50) and sequenced as described 
(27). 

In order to determine whether any of the cross-hybridizing 
fragments had exon-like structural features, we cloned seven of the 
ho~%~lo~ous fragments from the rat DNA, and determined the 
regions of cross-hybridization for each fragment for both human 
and rat DNA's. These regions were then subcloned and sequenced 
from both species (Fig. 4). The sizes of the regions of sequence 
similarity ranged from 128 to over 534 bp, and the similarity ranged 
from 75 to 89 percent. The sequences were examined for open 
reading h e s  (bRF's), conservation in the predicted amino acid 
sequence of the ORF's, consensus mammalian splice acceptor and 
lariat sequences at the 5' end of the ORF's, and consensus splice 
donor sequences at the 3' region of the ORF's (18, 19). Several of 
these features were found in most of the fragments sequenced. Three 
of the human-rat fragment pairs (Figs. 2 and 4, fragments G, 0, and 
P) had more exon-like features than the other fragments. The region 
of cross-species hybridization from human fragment G and its 
homologous rat fragment predicted ORF's that differed at two 
amino acid positions (Fig. 4). Similarly, the ORF's predicted for the 
other two &ts of fragments were highly conserved with a single 
amino acid substitution distinguishing human fragments 0 and P 
from their respective rat homologues (Fig. 4). For all three sets of 
fragments, nucleotide substitutions were predominantly at the third 

of codons in the exon-like regions, and sequence homology 
decreased to 75 percent or less outside these regions. 

The striking sequence similarity between the human and rat 
sequences and their exon-like structural features suggested that the 
6 e n t s  might contain exons. However, as noted above, no 
expression was detected when these three fragments were used as 
probes in Northern blots of various RNA's or used to screen cDNA 
kbraries. In addition,. RNase protection experiments (22), with the 
use of these three fragments to generate antisense transcripts, did 
not conclusively demonstrate evidence of expression in any RNA 
samples tested. 

FRAGMENT G 

- 
~UUY ATTTGCMGACTTATTCTTCCTTCTTTGTTTTTCTCCTAJGA cu CTG AGG TTC CTT TCA CAG MA WA TCT GTC ACA GCC 
RAT T C M A T C T A C C T C T G T G C T  C C  T C C A 
M P L R F L S Q T E S I T A  

lUUY TTC ATG GGA GAC ACA GTG CTA CTC M G  TGT WA GTC AT1 GGG GAG CCC ATG CCA MA ATC CAC TGG CAG M G  
RAT T T T C A 
M F ~ G D T V L L K C E V I G E / D P ~ P T I ~ U Q K  

W N  M C  CM CM GAC CTG ACT CCA ATC CU GGT GAC TCC CGA GTG GTG GTC 
RAT T C C  A C G A  G T C 
M N P Q D L T P I / N P G D S R V V V  

FRAGMENT 0 

- T 
lUUY CTCACTCACTTTTTTTTTTCTGTCTTTGCAG I T  CCG CU TGG TTT TTA M T  CAT CCT TCC M C  CTG TAT GCC TAT WA AGC 
RAT T C G C C 
M P P U F L N H P S N L Y A Y E S  

lUUY ATG GAT AT1 GAG TTT OAA TGT ACA GTC TCT GGA M G  CCT GTG CCC ACT GTG M T  TCC ATG M G  MI GGA GAT W G  
RAT C G G C G  
M M D I E F E C T / A V S G K P V P T V N U M K N G D V  

GTC ATT CCT ACT GAT TAT TTT CAG ATA WG 'GTMTT 
RAT G ---  - - -  - - -  - - -  ---  - --  - - -  - - -  - - -  
M V I P S D Y F Q I V  

FRAGMENT P 

- T 
llMY TACTTTACCTGCTTTTTCTTTTCCCTAG GGA GGA AGC M C  TTA CGG ATA C I T  GGG GIG GTG M G  TCA GAT WA GGC TT1 
RAT -------.-------------------- ---  - - -  --. -- -  ---  - -  C A 
M G G S N L R I L G V V K S D E G F  

1 
lUUY TAT CM TGT GTG GCT OAA M T  GkG GCT GGA M T  GCC CAG ACC ACT GCA CAG C I C  ATT GTC CCT M G  CCT GGTMGACMT 
RAT C A GT C G C C C 
M Y P C V A E N E A G N A Q T / S S A Q L I V P K P  
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To increase the sensitivity of expression assays, we used the 
polymerase chain reaction (PCR) (23) in an "exon-connection" 
strategy. Complementan1 DNA was prepared from total RNA of 
various cell lines and tissues (see below), and reverse transcriptase 
was used to prime s)mnthesis with random hexamers (24). This 
cDNA was then used in PCR experiments with oligonucleotide 
pairs derived from the sequence of two of the potential exons noted 
above. If the two potential exons were present in the same RNA 
transcript, then, with the use of the appropriate oligonucleotides, it 
would be possible to amplifi a cDNA product linking these two 
regions. Trace amounts of DNA, which often contaminate RNA 
preparations, would not give rise to the same size PCR product in 
this assay because the exons were separated by intron sequences in 
DNA. Most pairs of oligonucleotides derived from the seven 
regions of human-rat sequence similarity described above did not 

generate discrete PCR fragments when tested by this strategy. 
However, an oligonucleotide pair derived from the sequence of 
fragments 0 and P (Fig. 4) generated a discrete 233-bp PCR 
product from cDNA of several of the mRNA samples studied, 
including that derived from a small cell carcinoma of the lung (H82) 
and a colorectal carcinoma (HCT116) (25). The PCR product was 
cloned (26) and sequenced (27) from both cell lines, and was found 
to be the product of splicing the predicted exon of fragment 0 
directly to the predicted exon of fragment P. 

Complementary DNA isolation. To confirm and extend these 
PCR experiments, we constructed a cDNA library from RNA of the 
H82 cell line (28). Approximately 3.0 x lo6  recombinant cDNA 
clones were screened with genomic DNA subclones containing 
regions of fragments G, 0, and P of Fig. 4. Four hybridizing clones 
were isolated and mapped with respect to one another and to the 

T$A AAT ATG GAG AAT AGT CTT AGA TGT GTT TGG GTA CCC AAG CTG GCT T T T  GTA CTC TTC GGA GCT TCC TTG CTC AGC GCG CAT C T T  CAA bp84 
M E N S L R C V W V P K L A F V L F G A S L L S A H L Q  aa28 

G:A AFC GET T:T CAA A I T  A t A  G j T  TTC ACA GCA CTG CGC TTC CTC TCA GAA CCT TCT GAT GCC GTC ACA ATG CGG GGA GGA AAT GTC CLC bp174 
Q F T A L R F L S E P S D A V T M R G G N V  aa58 

CTC GAC TGC TCC GCG GAG TCC GAC CGA GGA GTT CCA GTG ATC AAG TGG AAG AAA GAT GGC ATT CAT CTG GCC TTG GGA ATG GAT GAA AGG bp264 
L D C S A E S D R G V P V I K W K K D G I H L A L G n D E R  aa88 

AAG CAG CAA CTT TCA AAT GGG TCT CTG CTG ATA CAA AAC ATA CTT CAT TCC AGA CAC CAC AAG CCA GAT GAG GGA CTT TAC CAA TGT GAG bp354 
K Q Q L S N G S L L I Q N I L H S R H H K P D E G L Y Q C E  aa118 

GCA TCT TTA GGA GAT TCT GGC TCA ATT ATT AGT CGG ACA GCA AAA GTT GCA GTA GCA GGA CCA CTG AGG TTC CTT TCA CAG ACA GAA TCT bp444 
A S L G D S G S I I S R T A K V A V A G P L R F L S Q T E S  aa l48  

GTC ACA GCC TTC ATG GGA GAC ACA GTG CTA CTC AAG TGT GAA GTC ATT GGG GAG CCC ATG CCA ACA ATC CAC TGG CAG AAG AAC CAA CAA bp534 
V T A F M G D T V L L K C E V I G E P M P T I H W Q K N Q Q  aa l78  

GAC CTG ACT CCA ATC CCA GGT GAC TCC CGA GTG GTG GTC TTG CCC TCT GGA GCA TTG CAG ATC AGC CGA CTC CAA CCG GGG GAC A T T  GGA bp624 
D L T P I P G D S R V V V L P S G A L Q I S R L Q P G D I G  aa208 

A T T  TAC CGA TGC TCA GCT CGA AAT CCA GCC AGC TCA AGA ACA GGA AAT GAA GCA GAA GTC AGA ATT TTA TCA GAT CCA GGA CTG CAT AGA bp714 
I Y R C S A R N P A S S R T G N E A E V R I L S D P G L H R  aa238 

CAG CTG TAT T T T  CTG CAA AGA CCA TCC AAT GTA GTA GCC ATT GAA GGA AAA GAT GCT GTC CTG GAA TGT TGT GTT TCT GGC TAT CCT CCA bp804 
Q L Y F L Q R P S N V V A I E G K D A V L E C C V S G Y P P  aa268 

CCA AGT TTT ACC TGG TTA CGA GGC GAG GAA GTC ATC CAA CTC AGG TCT AAA AAG TAT TCT TTA TTG GGT GGA AGC AAC TTG CTT ATC TCC bp894 
P S F T W L R G E E V I Q L R S K K Y S L L G G S N L L I S  aa298 

AAT GTG ACA GAT GAT GAC A 6 T  GGA ATG TAT ACC TGT GTT GTC ACA TAT AAA AAT GAG AAT ATT AGT GCC TCT GCA GAG CTC ACA GTC TTG bp984 
N V T D D D S G M Y T C V V T Y K N E N I S A S A E L T V L  aa328 

GTT CCG CCA TGG T T T  TTA AAT CAT CCT TCC AAC CTG TAT GCC TAT GAA AGC ATG GAT ATT GAG TTT GAA TGT ACA GTC TCT GGA AAG CCT bp1074 
V P P W F L N H P S N L Y A Y E S M D I E F E C T V S G K P  aa358 

GTG CCC ACT GTG AAT TGG ATG AAG AAT GGA GAT GTG GTC ATT CCT AGT GAT TAT T T T  CAG ATA GTG GGA GGA AGC AAC TTA CGG ATA CTT bp1164 
V P T V N W M K N G D V V I P S D Y F Q I V G G S N L R I L  aa388 

GGG GTG GTG AAG TCA GAT GAA GGC T T T  TAT CAA TGT GTG GCT GAA AAT GAG GCT GGA AAT GCC CAG ACC AGT GCA CAG CTC A T T  GTC CCT bp1254 
G V V K S D E G F Y Q C V A E N E A G N A Q T S A Q L I V P  aa418 

AAG CCT GCA ATC CCA AGC TCC AGT GTC CTC CCT TCG GCT CCC AGA GAT GTG GTC CCT GTC TTG GTT TCC AGC CGA T T T  GTC CGT CTC AGC bp1344 
K P A I P S S S V L P S . A P R D V V P V L V S S R F V R L S  aa448 

TGG CGC CCA CCT GCA GAA GCG AAA GGG AAC ATT CAA ACT TTC ACG GTC TTT TTC TCC AGA GAA GGT GAC AAC AGG GAA CGA GCA TTG AAT bp1434 
W R P P A E A K G N I Q T F T V F F S R E G D N R E R A L N  aa478 

ACA ACA CAG CCT GGG TCC CTT CAG CTC ACT GTG GGA AAC CTG AAG CCA GAA GCC ATG TAC ACC TTT CGA GTT GTG GCT TAC AAT GAA TGG bp1524 
T T Q P G S L Q L T V G N L K P E A M Y T F R V V A Y N E W  aa508 

GGA CCG GGA GAG AGT TCT CAA CCC ATC AAG GTG GCC ACA CAG CCT GAG TTG CAA GTT CCA GGG CCA GTA GAA AAC CTG CAA GCT GTA TCT bp1614 
G P G E S S Q P I K V A T Q , P E L Q V P G P V E N L Q A V S  aa538 

ACC TCA CCT ACC TCA A T T  CTT A T T  ACC TGG GAA CCC CCT GCC TAT GCA AAC GGT CCA GTC CAA GGT TAC AGA TTG TTC TGC ACT GAG GTG bp1704 
T S P T S I L I T W E P P A Y A N G P V Q G Y R L F C T E V  aa568 

TCC ACA GGA AAA GAA CAG AAT ATA GAG GTT GAT GGA CTA TCT TAT AAA CTG GAA GGC CTG AAA AAA TTC ACC GAA TAT AGT CTT CGA TTC bp1794 
S T G K E Q N I E V D G L S Y K L E G L K K F T E Y S L R F  aa598 

T T A  G i l  TAT AAT CGC TAT GGT CCG GGC GTC TCT ACT GAT GAT ATA ACA GTG GTT ACA CTT TCT GAC GTG CCA AGT GCC CCG CCT CAG AAC bp1884 
L A Y N R Y G P G V S T D D I T V V T L S D V P S A P P Q N  aa628 

GTC TCC CTG GAA GTG GTC AAT TCA AGA AGT ATC AAA GTT AGC TGG CTG CCT CCT CCA TCA GGA ACA CAA AAT GGA T T T  ATT ACC GGC TAT bp1974 
V S L E V V N S R S I K V S W L P P P S G T Q N G F I T G Y  aa658 

AAA ATT CGA CAC AGA AAG ACG ACC CGC AGG GGT GAG ATG GAA ACA CTG GAG CCA AAC AAC CTC TGG TAC CTA TTC ACA GGA CTG GAG AAA bp2064 
K I R H R K T T R R G E M E T L E P N N L W Y L F T G L E K  aa688 

GGA AGT CAG TAC AGT TTC CAG GTG TCA GCC ATG ACA GTC AAT GGT ACT GGA CCA CCT TCC AAC TGG TAT ACT GCA GAG ACT CCA GAG AAT bp2154 
G S Q Y S F Q V S A M T V N G T G P P S N W Y T A E T P E N  aa718 

GAT CTA GAT GAA TCT CAA GTT CCT GAT CAA CCA AGC TCT CTT CAT GTG AGG CCC CAG ACT AAC TGC ATC ATC ATG AGT TGG ACT CCT CCC bp2244 
D L D E S Q V P D Q P S S L H V R P Q T N C I I M S W T P P  aa748 

TTG AAC 
L N 

bp2250 
aa750 

Fig 5. Nucleotide sequence and predicted amino acid sequence of the open reasonably favorable context for translation initiation according to the 
reading frame (OW) found in cDNA clones. The sequence shown was paradigms defined by Kozak (51). A stop codon was found six nucleotides 
derived from 16 overlapping cDNA clones, prepared from mRNA of either upstream of amino acid 1. No stop codon was identified downstream of 
the H82 cell line or from normal human brain (28). The methionine codon amino acid 1, however, so the carboy1 terminus of the DCC gene product 
initiating the ORF is designated as amino acid 1. This methionine is in a remains undefined. 

52 SCIENCE, VOL. 247 



DEC in h&an tumors 
and colorectal tumor cell '$--- 
lines. RNA was isolated 
from normal human brain (lane l), four different normal colonic mucosa 
specimens (lanes 2 to 5), or colorectal carcinoma cell lines (lanes 6 to 16), 
and first strand cDNA was prepared as dexribed in (24). The cDNA samples 
were used for polymerase chain reaction (PCR) analysis, according to the 
conditions specified in (25). The PCR products were separated by electro- 
phoresis through an agarose gel, and afkr Southern transfer, h y b r i d i i  to a 
2P-labeled subclone of fragment P (Fig. 2 and 4). The 233-bp fiagment 

detected represents the exons connecting fragments 0 and P in the cDNA, 
and corresponds to nucleotides 986 to 1218 in the cDNA sequence shown in 
Fig. 5. The human colorectal carcinoma cell lines used were: lane 6, SW948; 
lane 7, SW1417; lane 8, SW1116; lane 9, SW403; lane 10, SW1463; lane 
11, SW48; lane 12, HCT116; lane 13, RKO; lane 14, RCA; lane 15, "C"; 
and lane 16, MOSER (52). 

genomic clones shown in Fig. 2. The longest clone was 1.65 kb in 
length and hybridized to at least 11 different Eco RI fragments in 
human genomic DNA (Fig. 7A), eight of which were present in the 
clones from the chromosomal walk shown in Fig. 2. The four cDNA 
clones isolated were sequenced and subsequently used as probes of 
cDNA libraries from H82 cells or from normal human brain to 
obtain additional cDNA clones extending over 2854 base pairs. 
Sequence analysis indicated that all clones encoded overlapping 
portions of a transcript in which a single long ORF of 2250 bp 
extended to the end of the sequenced region. The ORF began with a 
methionine codon surrounded by nucleotides favorable for transla- 
tion initiation (nucleotide 1) (see Fig. 5). The methionine was 
followed by a relatively hydrophobic sequence of 25 amino acids 
that resembled previously described signal sequences associated with 
membrane-bound proteins (29). The signal sequence was immedi- 
ately followed by 725 amino acids with significant sequence similar- 
ity to the neural cell adhesion molecules and other related cell surface 
glycoproteins as discussed below. We refer to the gene encoding this 
transcript as the DCC (deleted in coloreaal carcinomas) gene. 

Expression pattern. To identifj the tissues in which the DCC 
gene was expressed, cDNA was prepared from several rat organs. 
Because of the high degree of conservation of the DCC gene (Fig. 
4), the same oligonucleotide primers used to demonstrate expres- 
sion in human cells could also be used in the rat. To assess 
expression, oligonucleotide pairs from fragments 0 and P of Fig. 4 
were used in a PCR expression assay (25, 30). Seventeen of the 18 
rat tissues tested appeared to produce the transcript at low levels, 
with greatest abundance observed in brain (30). Similar analysis of 
human tissues and cell lines revealed that the transcript was present 
in highest concentration in brain, and was also expressed in normal 
colonic mucosa and in several tumor cell lines, including those 
derived from tumors of the lung, brain, and mesenchyme (Fig. 6). 
In most colorectal carcinomas, however, expression was reduced or 
absent; of 17 colorectal tumor cell lines studied, only two expressed 
DCC mRNA amounts in excess of 5 percent of that produced in 
normal colonic mucosa (examples in Fig. 6). 

To determine the s i i  of the transcript produced from this gene, 
we hybridized (RNA blots, Northern) RNA from normal colonic 
mucosa or brain with 32P-labeled cDNA clones. A major band of 10 
to 12 kb was observed in normal brain RNA, but no bands were 
seen in the RNA from colonic mucosa, a result consistent with the 
greater expression observed in brain by PCR analysis. 

Genetic alterations detected- in colorectal tumors with the 
cDNA probes. In an attempt to establish the boundaries of the 
homozygous loss in the S115 tumor with respect to the DCC gene, 
the cDNA clones were used to probe Southern blots containing 
S115 DNA. A 430-bp subclone (pKC430, representing nucleotides 
1760 to 2205 of the cDNA) detected three Eco RI fragments of 20, 

10, and 1.8 kb in DNA from non-neoplastic colonic mucosa of 
patient S115 (Fig. 7B). However, in DNA fiom the S115 tumor, 
the 20-kb fkagment was not detected and the 10-kb and 1.8-kb 
fragments were present at approximately half the intensity observed 
in normal DNA. In addition, a new fragment of 5 kb was observed 
only in DNA f h m  the tumor (Fig. 7B). Probes further downstream 
of the 3' end of pKC430 also detected fragments in tumor DNA 
that were present at half the intensity of those in normal DNA, 
while probes 5' of pKC430 detected fragments that were homozy- 
gously deleted in the tumor. Thus, the DCC gene appeared to be 
broken by the deletion event on one copy of chromosome 18, and 
the breakpoint established one boundary of the homozygous loss. 

To search for other genetic alterations, we used the cDNA probes 
in Southern blot analysis of co lored  tumor DNA samples. Three 
of 51 primary tumors and 2 of 21 tumor xenografts had new 
fragments not present in normal DNA of the same patient. In 
addition, 5 of 22 colorectal tumor cell lines had altered fragments 
not present in 44 DNA samples from normal individuals nor in any 
of 45 DNA samples fiom tumor cell lines derived from tissues other 
than that of the colon or rectum. 

In all cases, detailed mapping experiments showed that the new 
fragments detected by the cDNA probe resulted from insertions in 
an approximately 170-bp Xba I-Eco 0109 fkagment located 165 bp 
downstream of the exon in fragment P of Fig. 4. The size of the 
insertion in the tumors varied fiom 120 to 300 bp (Fig. 8A). Some 
variation in the size of the Xba I-Eco 0109 fragment in alleles from 
normal individuals was seen; however, the greatest difference be- 
tween the size of the smallest and largest of the 88 normal alleles 
studied was approximately 50 bp, and the largest of the normal 
alleles was approximately 120 bp smaller than any of the altered 
alleles in the tumors. The 1.4-kb Eco RI fragment (fragment P) 
containing the insertion site was isolated from one of the genomic 
clones of the chromosome walk (Fig. 2) and sequenced; the 
sequence of the 170-bp Xba I-Eco 0109 fragment (Fig. 8B) showed 
two regions of TA repeats; one of the regions had eight repeats and 
the other had 26. Both TA repeat regions were contained within a 
130-bp region of alternating purine-pyrimidine base pairs which 

Fig. 7. (A) An autora- B 
diGgraph of a Southern * slls 
blot prepared from i 2 N T 
DNA of wri~heral 
blood lymph*es of 
two normal individuals, 1 :! 
hybridized to a 32P-la- - d l  
beled cDNA probe - C 
hDCC 1.65). The 

- 1 4 

~ D C C  1.65 contained 
nucleotides 591 to 2250 -3  2 
of the cDNA shown in - 2 9  
Fig. 5. Eleven Eco RI - - 1 8  
fragments were detected 
in normal DNA samples, -18  
eight of which were 
within the 370-kb re- - -' 
gion cloned by chromo- - 1 0  

some walking (see Fig. 2 
for the location of the 
eight fragments). The 
sizes of the fragments in kilobases are indicated to the right of the blot. A 
0.45-kb Eco RI fragment detected by pDCC 1.65 migrated off the gel. (B) 
Hybridization of pKC 430 (from the 3' region of the 1.65-kb cDNA) to 
normal (N) and cryostat sections of tumor (T) DNA from S115. This probe 
contained nudeotides 1760 to 2205 of the cDNA shown in Fig. 5. It 
detected the 10-kb and 1.8-kb fragments in S115 tumor DNA at approxi- 
mately half the intensity observed in normal DNA, but the 20-kb fragment 
was not detected. A new fragment of approximately 5 kb (arrowhead) was 
detected only in the S115 tumor DNA. Southern blotting and hybridization 
were performed as described in the legend to Fig. 1. 
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could potentially form %DNA (31). We were unable to clone alleles amplify normal alleles lacking the somatically acquired insertions. 
with intact copies of the insertion from any of three tumors tested. The fact that the DNA fragments containing the insemons could 
Indeed, in the clones obtained from alleles containing the insertions, not be synthesized with Taq polymerase suggested that they had an 
deletions arose during the cloning process in both bacteriophage unusual structure that might similarly interfere with transcription 
and plasmid vectors, regardless of the bacterial host strain used (32). through the insertion in vivo. Experiments to test this hypothesis 
In addition, we were unable to use PCR to amplify alleles with must await cloning of the fragments containing the tumor-specific 
insertions from any of five cases tested, although we could easily insertions. 

Fig. 8. Analysis of insertions in colorectal tumors. (A) DNA from normal 
and tumor DNA samples were digested with Eco RI and Eco 0109, and 
Southern blots were prepared as described (Fig. 1). The DNA was then 
hybridized to a 0.4-kb genomic fragment that contained the exon from 
fragment P (Fig. 2). Molecular sizes in kilobases are indicated at the left; 
arrowheads indicate the tumor DNA fragments with insertions. (Lanes 1 
and 2) DNA's from peripheral blood lymphocytes from two normal 
individuals; (lanes 3 and 4) DNA's from non-neoplastic colon and colorectal 
carcinoma xenograft, respectively, from patient Cx7; (lanes 5 and 6) DNA's 
from non-neoplastic colon and cryostat sections of colorectal carcinoma, 
respectively, from patient S175; (lane 7) DNA from a carcinoma xenograft 
from patient CxlO; (lane 8) DNA from colorectal carcinoma cell line RKO; 
(lane 9) DNA from colorectal tumor cell line VAC06; (lane 10) DNA from 

colorectal carcinoma cell line NCI-H630; (lane 11) DNA from colorectal 
carcinoma cell line SW48; (lane 12) DNA from colorectal carcinoma cell line 
HCT116. (B) Sequence of the 170-bp Xba I-Eco 0109 fragment to which 
the insemons were localized. The numbers above the sequence indicate the 
distance in base pairs from the 3' end of the exon contained in fragment P 
(Fig. 4). The Xba I and Eco 0109 restriction sites are indicated. The two 
regions of TA repeats are overlined, and the 130-bp region of alternating 
purine-pyrimidine sequence is contained between the arrowheads. The 
sequence was obtained from a plasmid subclone of phage done W5-6 (Fig. 
2) as described (27). The insertions in tumor DNA samples were mapped to 
the Xba I and Eco 0109 fragment by comparison of Southern blot patterns 
produced by digestion of tumor DNA samples with a combination of Xba I 
and E o  0109, Eco RI, and Hind 111. 

Fig. 9. Homology between DCC A 
and N-CAM. (A) Comparison of 50 
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no acids in length. DCC domain 1 
domainisapproximately100ami- N-CAM(C) ~ x x x o v ~ x x x e x x ~ - ~ o ~ ~ ~ ~ ~ e ~ x ~ x - ~ ~ ~ ~ ~ ~ - ~ ~ ~ x ~ x x ~ w x x x x x ~ ~ ~ v  

S T D  

indudes amino acids 40 to 139, N-CAM(m) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ L - ~ Q ~ T ~ T ~ ~ ~ ~ ~ ~ - ~ ~ ~ T ~ K - D ~ R X I X S E W ~ D X X X R I ~ ~  
S T D  S  F 

domain 2 includes amino acids 140 
to 239, domain 3 includes amino 60 

acids 240 to 332, and domain 4 ~ c c i  c s  - 
indudesaminoacids333to422. DCC2 

sequences shown represent the con- 
DCC 

The N-CAM(c) and N-CAM(m) DCC3 

sensus of the five Ig-like domains 

consensus was present at a particu- 
~resentineach~rotein(j9);ifno N-CAM(~) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ T ~ K ~ I ~ ~ T ~ ~ ~ ~ ~ x ~ T ~ s ~ x ~ c c D s x x x x ~ x ~ - Q A x x ~  

I O E  

lar position of N-CAM(c) or N- N-CAM(m) x s W A X X  X @ Y @ T ~ K W  I X ~ W ~ ~ ~ ~ ~ X ~ T ~ X ~ X A C O I S  X ~ I  D ~ x @ - Q A X  XO 
CAM(m) (that is, if no two do- 5' 
mains contained the identical resi- B 
due), then the position is indicated 425 450 

by mentareindicatedbyadash.The an X. Spaces inserted for align- DCC 
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gles; other amino acid residues 475 500 
highly conserved in N-CAM and I 
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C2 dass (37) are noted by open 
triangles. Sequences were aligned 
by inspection to give the greatest 
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more of the DCC domains were I 
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Comparison of the sequence ho- 575 600 
mology between DCC and chicken 
and mouse N-CAM in the fibronec- DCC 

tintypeII1-relatedregions.DCC N-CAJI~C) 
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to 662 ofthe two N-CAM proteins (39). The sequences were aligned by overall match. Residues identical in the DCC sequence and either of the N- 
inspection, and spaces, indicated by dashs, were inserted to give the greatest CAM sequences were boxed. 
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Potential role of the DCC gene in tumorigenesis. Through a 
strategy combining chromosome walking, isolation and sequencing 
of evolutionarily conserved DNA regions, a PCR-based assay for 
expression, and cDNA cloning, we have identified a highly con- 
served gene on chromosome 18q. Several observations suggest that 
this gene should be considered as a candidate colorectal tumor 
suppressor. First, one allele of the DCC gene was deleted in 29 of 41 
(71 percent) colorectal carcinomas, and, as noted previously, allelic 
losses are thought to indicate that the affected region contains a 
tumor suppressor gene. Second, the gene was expressed in almost all 
normal tissues tested, including colonic mucosa, but DCC expres- 
sion was greatly reduced or absent in 15 of 17  (88 percent) 
colorectal carcinoma cell lines. Such reduced expression in tumors is 
consistent with a suppressive function. Third, somatic mutations of 
the DCC gene detectable by DNA blotting (Southern) were 
observed in 12 of 94 (13 percent) different colorectal carcinon~as. In 

\ L 

one tumor (S115), a homozygous deletion was associated with a 
break in one copy of the DCC gene, eliminating its 5' half. In 
addition, a point mutation was observed in tumor S123, and 
insertions within a 170-bp fragment directly downstream of an exon 
were found in ten other colorectal tumors. The effects of these 
mutations on DCC gene expression are not known. Moreover, 
demonstration of somatic mutations within the DCC gene cannot 
formally establish that this gene is a suppressor of colorectal 
turnorigenesis. Validation of this hypothesis will require cloning of a 
full-length DCC gene product, and demonstration of a biological 
effect after its introduction into neoplastic colorectal epithelial cells. 

The studies described above raise two other issues. First, Lynch et 
a l ,  have described a syndrome with autosomal dominant inheritance 
in which affected individuals are predisposed to carcinomas of the 
colon and other organs (33). This syndrome is the most common of 
the various inherited diseases predisposing to colorectal neoplasia, 
and is estimated to account for at least 5 to 6 percent of colorectal 
cancers (34). The gene causing this syndrome has been linked to the 
Kidd blood group on chromosome 18qll.l-q21.1 (35), near the 
region of chromosome 18 that contains the DCC gene. Whether the 
DCC gene is involved in this predisposition syndrome or other 
syndromes not yet mapped to a particular chromosomal region 
remains to be determined. 

Second, the predicted amino acid sequence of DCC is highly 
similar to the neural cell adhesion molecules and other related cell 
surface glpcoproteins (36). Two areas of high sequence similarity 
were noted. (i) The DCC gene contained four immunoglobulin 
&)-like domains of the C2 class, defined by pairs of cpsteines 
separated by 50 to 56 amino acids and other highly conserved 
residues surrounding the first and second cysteine of each pair (Fig. 
9A) (37). Potential sites of N-linked glpcosplation were found at 
several positions within this region (38). The four Ig-like domains of 
DCC showed more sequence similarity to one another than to N- 
CAM, L1, or other members of the Ig super-family. A consensus 
sequence for the four Ig-like domains of DCC could be derived for 
67  percent of the positions; the DCC consensus sequence matched 
the N-CAM consensus sequence at 42 percent of these positions 
(Fig. 9A). In addition, the O W  identified within the DCC gene 
also contained a fibronectin type 111-related domain (or domains), 
similar to the fibronectin-like domains present in N-CAM, L1, 
leukocyte common antigen-related gene 1 (LARl), fasciclin 11, and 
other members of this cell adhesion molecule familv 139). These , \ ,  

fibronectin-related domains are carboxyl to the Ig-like domains in all 
of these proteins, including DCC. Of 195 positions within the 
fibronectin-like region of DCC, 31 percent were identical in DCC 
and N-CAM, and several conservative substitutions were also 
present (Fig. 9B). The extensive sequence similarities in both Ig-like 
and fibronectin-like domains between DCC and the other members 

of this family suggest that these proteins map all have been derived 
from a common precursor that included both these regions (37). 

That a gene altered in colorectal tumors is similar in sequence to 
genes involved in cell-surface interactions is provocative. Numerous 
studies have suggested that neoplasia is associated with alterations of 
such interactions. For example, a common marker of in vitro 
transformation is a loss of growth inhibition mediated by cell-cell 
contact (40). In vivo, a hallmark of malignancy is the disorganization 
of the normal topography of cell-cell and cell-basement membrane 
interactions (41), and the process of metastasis involves the disrup- 
tion of normal cell contacts and the formation of new ones in 
foreign environments (42). Intercellular adhesion mediated by 
CAM's has been shown to directly influence cellular differentiation 
(36), and the progressive loss of differentiated features is another 
common characteristic of neoplastic cells (43). Further study of the 
DCC gene may provide new insights concerning the molecular 
mechanisms governing colorectal neoplasia, particularly regarding 
the roles that cell-surface interactions play in controlling abnormal 
cellular proliferation. 
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