1727

Genetic Alterations in the Adenoma-
Carcinoma Sequence

Kathleen R. Cho, M.D.,*% and Bert Vogelstein, M.D.*

Tumorigenesis is thought to be a multistep process in
which genetic alterations accumulate, ultimately pro-
ducing the neoplastic phenotype. A model was proposed
to explain the genetic basis of colorectal neoplasia that
included several salient features. First, colorectal tumors
appear to occur as a result of the mutational activation of
oncogenes coupled with the inactivation of tumor-sup-
pressor genes. Second, mutations in at least four or five
genes are required to produce a malignant tumor. Third,
although the genetic alterations often occur in a pre-
ferred sequence, the total accumulation of changes,
rather than their chronologic order of appearance, is re-
sponsible for determining the tumor’s biologic proper-
ties. Several different genetic alterations were identified
that occur during colorectal tumorigenesis. Activational
mutation of the ras oncogene was found in approxi-
mately 50% of colonic carcinomas and in a similar per-
centage of intermediate-stage and late-stage adenomas.
Allelic deletions were discovered of specific portions of
chromosomes 5, 17, and 18, which presumably harbor
tumor-suppressor genes, The target of allelic loss events
on chromosome 17 has been shown to be the p53 gene,
which is mutated, not only in colonic cancer, but alsoin a
large percentage of other human solid tumors. The gene
dcc recently was identified; this candidate tumor-sup-
pressor gene on chromosome 18 appears to be altered in
colorectal carcinomas. The protein encoded by the dcc
gene has significant sequence similarity to neural cell ad-
hesion molecules and other related cell-surface glycopro-
teins. By mediating cell-cell and cell-substrate interac-
tions, this class of molecules may have important func-
tions in mediating cell growth and differentiation.
Alterations of the dcc gene may interfere with mainte-
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nance of these controls and thus may play a role in the
pathogenesis of colorectal neoplasia. Another candidate
tumor-suppressor gene also was identified on chromo-
some 5, mcc {for mutated in colorectal cancers). The mcc
genetic alterations include one tumor with somatic rear-
rangement of one mcc allele and several tumors with so-
matically acquired point mutations in the coding region.
Studies currently are ongoing to {1) identify additional
tumor-suppressor gene candidates, (2) increase our un-
derstanding of normal tumor-suppressor gene function,
and (3) demonstrate the functional tumor-suppressor
ability of these genes both in vivo and in vitro. Cancer
1992; 70:1727-1731.

Tumorigenesis is thought to be a multistep process in
which genetic alterations accumulate, ultimately pro-
ducing the neoplastic phenotype. The hypothesis that
genetic damage might be responsible for cancer is not
new; hereditary predispositions to cancer, damaged
chromosomes in cancer cells, and DNA damage me-
diated by chemical carcinogens have been recognized
for a long time. Genetic alterations in tumorigenesis
vary and include amplification, point mutation, rear-
rangement, and deletion of specific genes. We recently
proposed a model for the genetic basis of colorectal
neoplasia with the following salient features.! First, co-
lorectal tumors appear to occur as a result of mutational
activation of oncogenes coupled with the inactivation
of tumor-suppressor genes. Second, mutations in at
least four or five genes are required for malignant trans-
formation. Third, although the genetic alterations often
occur according to a preferred sequence, the total accu-
mulation of changes, rather than their chronologic
order of appearance, is responsible for determining the
tumor’s biologic properties.

Epithelial tumors of the colorectum provide an ex-
cellent system in which to study genetic alterations and
the manner in which they affect tumor progression. Co-
lorectal tumors progress through a series of easily recog-
nizable clinicopathologic stages. Tumorigenesis may be
preceded by widespread hyperproliferation of colonic
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epithelial cells, which can be detected by in situ DNA
labeling techniques.? One or a few of these hyperprolif-
erating cells may undergo clonal expansion® and form a
small benign neoplasm called a tubular adenoma. Pro-
gression of the adenoma is marked by a gradual in-
crease in tumor size, acquisition of cytologic atypia, and
development of villous architecture. After an adenoma
cell develops the capacity to overgrow its sister cells and
invade the basement membrane, the tumor is, by defini-
tion, a carcinoma, which eventually may acquire the
ability to metastasize to regional lymph nodes and dis-
tant sites. This tumor progression is gradual and usually
slow, requiring decades for culmination.

Several genetic changes accompany tumor progres-
sion and are, at least in part, responsible for it. One of
the earliest recognizable changes is a significant loss of
methyl groups in DNA.* Using restriction-endonucle-
ase analysis, substantial hypomethylation was found in
both adenomas and carcinomas compared with normal
mucosa. The role of this hypomethylation in tumori-
genesis is unclear, but we believe that hypomethylated
DNA may inhibit chromosome condensation during
mitosis and that these undercondensed regions may
adhere to one another during anaphase, leading to an-
euploidy.

Mutations in the ras gene are found in approxi-
mately 50% of colorectal carcinomas>® and in a similar
percentage of intermediate-stage and late-stage ade-
nomas.” Most of these mutations are in the K-ras gene.
In several tumors studied, the same mutation was
found in both the adenomatous and carcinomatous
portions of the same clinical lesion, suggesting that the
mutation preceded the malignant transformation. By
contrast, ras gene mutations are present in less than
10% of small (< 1 cm) adenomas. Although the full
effects of mutated ras genes currently are not known,
such genes can transform immortalized cell lines and
cooperate with other oncogenes to transform primary
cells in culture.®~'° Some of the same ras mutations have
been identified in the ras genes of RNA tumor viruses
and in the cellular ras homologues of animal tumors
induced by carcinogens.''* Mutations in the ras gene
occur at similar frequencies in the colorectal tumors of
patients with and without familial adenomatous poly-
posis, suggesting that some of the molecular genetic
events responsible for tumor progression are identical
in both groups of patients.

Allelic loss of specific chromosomal regions, pre-
sumably harboring tumor-suppressor genes, are an-
other type of genetic alteration identified in colorectal
neoplasia. Using polymorphic DNA probes, the extent
and nature of allelic loss was evaluated in 56 pairs of
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colorectal carcinomas and adjacent normal mucosa.'®
Termed “allelotyping,”” this analysis showed that allelic
deletions were common and that eight chromosomal
regions were each affected in more than 25% of the
carcinomas studied. A median of four to six allelic losses
was observed in individual carcinomas. Some of these
losses may be “‘passengers,” coincidentally occurring in
the same mitosis as another genetic alteration that pro-
vided a selective growth advantage. However, we be-
lieve that many of these changes reflect the presence of
tumor-suppressor genes in the deleted regions. Another
model of tumorigenesis was proposed in which defec-
tive genes involved in inherited neoplastic syndromes
normally function as tumor-suppressor genes.'* At the
cellular level, these genes act in a recessive manner (i.e.,
both alleles must be inactivated to promote tumor
growth). The recent cloning and characterization of the
retinoblastoma susceptibility rb gene supports this hy-
pothesis.'>1¢

Deletions on the short arm of chromosome 17 (17p)
are common and occur in more than 75% of colorectal
carcinomas. These deletions appear to be relatively late
events in colorectal tumor progression and are asso-
ciated with the transition from the benign adenoma to
malignant carcinoma. Using 20 polymorphic chromo-
some 17p markers, the common region of deletion in
the carcinomas was localized to a region centered at
17p13." The p53 gene that encodes the transformation-
associated protein is contained in this region.'® Origi-
nally, p53 was believed to be an oncogene, based on its
ability to immortalize primary rodent cells and cooper-
ate with ras during transformation.'*-?? Recent evidence
has shown, however, that the p53 derivatives used in
these experiments were mutants and that normal p53
may function as a tumor-suppressor gene rather than
an oncogene.”*** We initially examined the p53 coding
region of two colorectal carcinomas in detail. Both tu-
mors had lost one p53 allele and expressed considerable
messenger RNA from the remaining allele. Mutations
in highly conserved regions of the p53 gene were found
in both tumors.'” Subsequent studies have shown that
p53 genetic mutations are found routinely in colorectal
carcinomas.?>?¢ Furthermore, in a carcinoma with two
retained parental 17p alleles, one allele contained a
point mutation and both the wild-type and mutant al-
leles were expressed at equal levels.”® Such findings led
us to speculate that a mutated p53 gene in a colorectal
carcinoma can provide a selective growth advantage by
promoting tumor progression even in the presence of a
normal p53 allele. Deletion of the remaining allele am-
plifies the growth advantage and leads to additional
progression, often manifested as the transition from the
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benign to the malignant state. Mutations in p53 have
been identified in many other types of human solid
tumors, including those of the brain, breast, lung, blad-
der, and soft tissue.”*”"?? Recently, germline p53 ge-
netic mutations were identified in DNA from patients
with Li-Fraumeni syndrome, a rare disorder in which
affected patients are at high risk for several different
types of malignant lesions at early age.*

Allelic losses on chromosome 18q also are com-
mon. They occur in approximately 75% of colorectal
carcinomas. Deletions can be seen in 47% of large ade-
nomas and in less than 10% of small and intermediate-
stage adenomas. This suggests that 18q loss events gen-
erally occur before p53 genetic alterations during colo-
rectal tumorigenesis. Recent studies found that fusion
of normal chromosome 18 in colorectal carcinoma cell
lines inhibits their tumorigenicity, providing additional
evidence that chromosome 18 may harbor a tumor-
suppressor gene that is inactivated in colorectal tumori-
genesis.’! We identified a candidate tumor-suppressor
gene on chromosome 18q that appears to be altered in
colorectal cancer.’? Using a panel of several polymor-
phic DNA probes to study tumors which have lost
some, but not all of 18q, we identified a common region
of deletion centered at 18q21.3. One anonymous probe
in this region detected homozygous loss of sequences in
a primary colorectal carcinoma. Homozygous losses are
rare and are thought to be a hallmark of tumor-sup-
pressor genes. Using this probe as a starting point, we
used a bidirectional chromosome walking strategy to
clone 370 kilobases of contiguous genomic DNA in the
deleted region thought to harbor the tumor-suppressor
gene target. Potential exons in the cloned region were
identified by cross-species hybridization at reduced
stringency, followed by a comparison of human-rodent
sequence identities in which candidate exons contained
long open reading frames flanked by appropriate splice
donor and acceptor sites and lariat sequences. The ex-
pression of these potential exons was identified using
an “exon-connection’ strategy based on the polymer-
ase chain reaction. Using standard cloning techniques,
we eventually obtained a complementary DNA from
the gene (called dcc, for deleted in colorectal carci-
nomas). The dcc gene encodes a putative translation
start site, signal peptide, and hydrophobic transmem-
brane region dividing the predicted protein into extra-
cellular (1100 amino acid) and intracellular (324 amino
acid) domains. Preliminary data suggest that tissue-
specific dec transcripts may be generated through alter-
native splicing of the primary transcript. The coding
region is composed of at least 28 exons and appears to
be flanked by lengthy 5’ and/or 3' untranslated regions,
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accounting for a significant portion of the 10-12-kilo-
base dcc-encoded message. The predicted amino acid
sequence of the extracytoplasmic portion of the protein
has significant sequence similarity to neural cell adhe-
sion molecules and other related cell-surface glycopro-
teins. By mediating cell-cell and cell-substrate interac-
tions, this class of molecules is thought to be important
in mediating cell growth and differentiation. Alter-
ations of the dcc gene may interfere with maintenance
of these critical controls and play a role in the pathogen-
esis of human colorectal neoplasia.

Several alterations of the dcc gene were identified
in colorectal tumors, suggesting that this gene is an ex-
cellent tumor-suppressor gene candidate. Using poly-
merase chain reaction techniques, dcc gene expression
was identified in most normal tissues studied, including
normal colonic mucosa. By contrast, expression of the
same portion of the dcc-encoded message was absent or
reduced in 15 of 17 colorectal carcinoma cell lines. So-
matic alterations of dcc also have been identified in sev-
eral primary tumors, colorectal carcinoma xenografts,
and colorectal carcinoma cell lines. Demonstration of a
functional tumor-suppressor effect should provide ad-
ditional support for dcc as a tumor-suppressor gene.
Recently, transfection studies have shown that the
wild-type p53 gene specifically can suppress the growth
of human colorectal carcinoma cells in vitro and that an
in vivo derived mutation in the p53 gene abrogates this
suppressing ability.>® We recently completed construc-
tion of full-length dcc expression vectors to use in simi-
lar ongoing transfection studies.

Allelic deletions on chromosome 5q have been
found in almost 40% of carcinomas and sporadic ade-
nomas studied.”? The gene responsible for familial ade-
nomatous polyposis was mapped to the deleted re-
gion.?>3¢ A candidate tumor-suppressor gene® located
at chromosome 5q21 recently was identified (the mcc
gene, for mutated in colorectal cancers). Alterations in
mecc include one tumor with somatic rearrangement of
one mcc allele and several tumors with somatically ac-
quired point mutations in the mcc coding region. A par-
tial mcc complementary DNA has been cloned. This
DNA encodes an 829 amino acid protein with a short
region of sequence similarity to the G-protein-coupled
m3 muscarinic acetylcholine receptor. The region of se-
quence similarity coincides with that region of the re-
ceptor that recently was shown to be critical for G-pro-
tein activation.’® Members of the G-protein family are
believed to be important in transducing signals in the
cell. The connection between mcc and the G-protein-
activating region of the receptor is intriguing in light of
previous studies showing the importance of G-proteins
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in neoplasia; however, it remains to be shown whether
mcc actually interacts with G-proteins in vivo. Addi-
tional studies are needed to elucidate the relationship
between mcc gene mutations and sporadic colorectal
cancers and to determine whether mcc is mutated in the
germline of patients with familial adenomatous poly-
posis.

In studying the genetic alterations occurring in colo-
rectal tumorigenesis, several pertinent points currently
are evident. First, it appears that the accumulation
rather than the order of genetic changes is the most
important. Although DNA hypomethylation, ras gene
mutation, and 5q allelic loss tend to occur relatively
early during tumor progression with 18q,/17p losses rel-
atively late, the sequence of events is not absolute. Sec-
ond, genetic alterations probably continue to accumu-
late after carcinomas have been produced, and this ac-
cumulation may parallel clinical progression. This
multiplicity of genetic changes must be considered in
any model of the genetic origin of human neoplasia and
should prompt caution in overinterpreting the signifi-
cance of any one alteration. Finally, colorectal carcino-
genesis is a complex process in molecular terms. Al-
though deletions of 17p, 18q, and 5q occur frequently,
deletion of other chromosomes often are found even in
tumors with chromosomal 5, 17, and 18 loss. The other
chromosomes probably contain tumor-suppressor
genes (or oncogenes) in addition to the ones we dis-
cussed. The complexity of genetic changes in human
neoplasia may be reflected in the biologic heterogeneity
of these tumors.

In summary, current data suggest a model of colo-
rectal tumorigenesis in which mutational activation of a
dominant-acting oncogene occurs in concert with inac-
tivation of several tumor-suppressor genes to produce
progressive tumorigenesis. Studies of these genes
should provide additional understanding of the molecu-
lar pathogenesis of a common human neoplasm. We
hope the lessons learned will be useful for other tumors
of epithelial origin.

References

1. Fearon ER, Vogelstein B. A genetic model for colorectal tumori-
genesis. Cell 1990; 61:759-67.

2. Lipkin M. Biomarkers of increased susceptibility to gastrointesti-
nal cancer: new application to studies of cancer prevention in
human subjects. Cancer Res 1988; 48:235-45.

3. Fearon ER, Hamilton SR, Vogelstein B. Clonal analysis of hu-
man colorectal tumors. Science 1987; 238:193-7.

4. Goelz S, Vogelstein B, Hamilton 5, Feinberg A. Hypomethyla-
tion of DNA from benign and malignant human colon neo-
plasms. Science 1985; 228:187-90.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

CANCER Supplement September 15, 1992, Volume 70, No. 6

Bos ], Fearon ER, Hamilton SR, Verlaan-de-Vries M, van Boom
], van der Eb A, et al. Prevalence of ras gene mutations in human
colorectal cancers. Nature 1987; 327:293-7.

Forrester K, Almoguera C, Han K, Grizzle W, Perucho M, Detec-
tion of high incidence of K-ras oncogenes during human colorec-
tal tumorigenesis. Nature 1987; 327:298-303.

Vogelstein B, Fearon E, Hamilton S, et al. Genetic alterations
during colorectal tumor development. N Engl | Med 1988;
319:525-32.

Land H, Parada L, Weinberg R. Tumorigenic conversion of pri-
mary embryo fibroblasts requires at least two cooperating onco-
genes. Nature 1983; 304:596-601.

Ruley H. Adenovirus early region 1A enables viral and cellular
transforming genes to transform primary cells in culture. Nature
1983; 304:602-6.

Newbold R, Overell R. Fibroblast immortality is a prerequisite
for transformation by EJ c¢-Ha-ras oncogene. Nature 1983;
304:648-51.

Land H, Parada L, Weinberg R. Cellular oncogenes and multi-
step carcinogenesis. Science ; 222:771-8.

Barbacid M. Mutations, oncogenes, and cancer. Trends Genet
1986; 2:188-92.

Vogelstein B, Fearon E, Kern S, et al. Allelotype of colorectal
carcinomas. Science 1989; 244:207-11.

Knudson A. Hereditary cancer, oncogenes and antioncogenes.
Cancer Res 1985; 45:1437-43.

Friend S, Bernards R, Rogelj S, et al. A human DNA segment
with properties of the gene that predisposes to retinoblastoma
and osteosarcoma. Nafure 1986; 323:643-6.

Dunn J, Phillips R, Becker A, Gallie B. Identification of germline
and somatic mutations affecting the retinoblastoma gene.
Science 1988; 241:1797-800.

Baker S, Fearon ER, Nigro JM, et al. Chromosome 17p deletions
and p53 gene mutations in colorectal carcinomas. Science 1989;
244:217-21.

van Tuinen P, Rich D, Summers K, Ledbetter D. Regional map-
ping panel for human chromosome 17: application to neurofi-
bromatosis type 1. Genomics 1987; 1:374-81.

Jenkins J, Rudge K, Currie G. Cellular immortalization by a
cDNA clone encoding the transformation associated phospho-
protein p53. Nature 1984; 312:651-4.

Eliyahu D, Raz A, Gruss P, Givol D, Oren M. Participation of
p53 cellular tumour antigen in transformation of normal embry-
onic cells. Nature 1984; 312:646-9.

Parada L, Land H, Weinberg R, Wolf D, Rotter V. Cooperation
between gene encoding p53 tumour antigen and ras in cellular
transformation. Nature 1984; 312:649-51.

Rovinski B, Benchimol S. Immortalization of rat embryo fibro-
blasts by the cellular p53 oncogene. Oncogene 1988; 2:445-52,
Finlay C, Hinds P, Levine A. The p53 proto-oncogene can act as
a suppressor of transformation. Cell 1989; 57:1083-93.
Eliyahu D, Michalovitz D, Eliyahu S, Pinhasi-Kimhi O, Oren M.
Wild type p53 can inhibit oncogene mediated focus formation.
Proc Natl Acad Sci U S A 1989; 86:8763-7.

Nigro JM, Baker S, Preisinger AC, et al. Mutations in the p53
gene occur in diverse human tumour types. Nature 1989;
342:705-8.

Baker S], Preisinger AC, Jessup JM, et al. P53 gene mutations
occur in combination with 17p allelic deletions as late events in
colorectal tumorigenesis. Cancer Res 1990; 50:7717-22.
Takahashi T, Nau M, Chiba I, et al. P53: a frequent target for
genetic abnormalities in lung cancer. Science 1989; 246:491-4.



Adenoma-Carcinoma Sequence/Cho and Vogelstein

28.

29.

30.

31

32.

33.

Iggo R, Gather K, Bartek ], Lane D, Harris A. Increased expres-
sion of mutant forms of p53 oncogene in primary lung cancer.
Lancet 1990; 335:675-9.

Sidransky D, Von Eschenbach A, Tsai Y, et al. Identification of
p53 gene mutations in bladder cancers and urine samples.
Science 1991; 252:706-9.

Malkin D, Li F, Sirong L, et al. Germline p53 mutations in a
familial syndrome of breast cancer, sarcomas and other neo-
plasms. Science 1990; 250:1233-8.

Tanaka K, Oshimura M, Kuchi R, Seki M, Hayashi T, Miyaki M.
Suppression of tumorigenicity in human colon carcinoma cells
by introduction of normal chromosome 5 or 18. Nature 1991;
349:340-2.

Fearon ER, Cho KR, Nigro JM, et al. Identification of a chromo-
some 18q gene which is altered in colorectal cancers. Science
1990; 247:49-56.

Baker S, Markowitz S, Fearon E, Willson ], Vogelstein B. Sup-

34.

35.

36.

37.

38.

1731

pression of human colorectal carcinoma cell growth by wild-
type p53. Science 1990; 249:912-5.

Solomon E, Voss R, Hall V, et al. Chromosome 5 allele loss in
human colorectal carcinomas. Nature 1987; 328:616-9.

Bodmer W, Bailey C, Bodmer ], et al. Localization of the gene for
familial adenomatous polyposis on chromosome 5. Nature 1987;
328:614-9.

Leppert M, Dobbs M, Scambler P, et al. The gene for familial
polyposis coli maps to the long arm of chromosome 5. Science
1987; 238:1411-3.

Kinzler K, Nilbert M, Vogelstein B, et al. Identification of a gene
located at chromosome 5q21 that is mutated in colorectal
cancers. Science 1991; 251:1366~70.

Lechleiter |, Hellmiss R, Duerson K, et al. Distinct sequence ele-
ments control the specificity of G protein activation by musca-
rinic acetylcholine receptor subtypes. EMBO ] 1990; 9:4381-90.





