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he impact that modern molecular biology has had on

elucidating the genetic basis of neoplasia is best
illustrated by the paradigm of colon cancer. Several
unique features of colon cancer biology have served to
accelerate the discovery process. The development of a
readily evident precursor lesion, the adenomatous polyp,
has made it possible to construct a model of the sequen-
tial genetic events in cancer initiation and progression.
Insights into the molecular basis of the relatively rare
inherited syndromes familial adenomatous polyposis
(FAP) and hereditary nonpolyposis colorectal cancer
(HNPCC) have had profound implications for tumori-
genesis in the more widespread sporadic forms of colon
cancer.

Information on the genetics of neoplasia has increased
at an exponential rate; the goal of this review is to focus
on the pathways that seem to be uniquely relevant to
colorectal cancer pathogenesis. It is clear that multiple
events involving tumor-suppressor genes, oncogenes, and
DNA mismatch repair genes contribute to the develop-
ment of colorectal cancer, and the order in which these
mutations occur is critical. Table 1 outlines some of the
key genetic alterations that have been identified.

In 1990, a stepwise model of colorectal tumorigenesis
was developed in which (1) mutations in the adenoma-
tous polyposis coli tumor-suppressor gene (APC) were
proposed to occur early during the development of pol-
yps, (2) oncogenic KRAS mutations arose during the
adenomatous stage, and (3) mutations of TP53 and de-
letions on chromosome 18q coincided with the transition
to malignancy.! This model has been generally validated.
Subsequent work has identified additional genetic events
as well as the specific molecular pathways perturbed by
each of these mutations. These pathways regulate impor-
tant cellular processes in neoplastic cells including pro-
liferation and apoptosis. Ras and p53 pathways underlie
tumorigenesis in a broad array of tumor types, and have
been extensively reviewed.>-> This article will focus on
three critical mechanistic pathways that characteristically
affect colonic epithelia: the APC/B-catenin, DNA mis-
match repair, and transforming growth factor (TGF)-[3/
SMAD pathways.

The final section will address the role of epigenetics in
tumor development. While clonal gene mutations that
provide a selective growth advantage are considered the
sine qua non of molecular tumor pathogenesis, the im-
portance of epigenetic mechanisms that regulate gene
expression is becoming increasingly clear. Defects in
DNA methylation may play an especially critical role in
colon cancer pathogenesis.

The APC/pB-Catenin Pathway

The clinical and hereditary features of the FAP
syndrome implied the existence of a single gene that
regulates the formation of adenomatous polyps, the pre-
cursor for most colorectal cancers. The identification of
an interstitial deletion on chromosome 5q in a patient
with the Gardner’s variant of FAP combined with clas-
sical linkage analysis facilitated the positional cloning of
the APC gene in 1991.%7 The 15-exon gene encodes a
multifunctional 2843—amino acid protein of 310 kilo-
daltons that, when mutated in the germline, results in
either FAP or Gardner’s syndrome.

Subsequent studies have suggested that the APC tu-
mor-suppressor gene also plays a critical early role in
sporadic colon cancer, and APC is mutated in more than
70% of all colorectal cancers. This high mutational rate
is unique to colorectal cancer. Although germline inac-
tivating mutations of APC are distributed throughout
the entire gene, somatic mutations are somewhat clus-
tered at the 5’ end of exon 15 between amino acid
residues 1280—-1500.8 This overlaps with the 15—amino
acid repeat domains between residues 1020 and 1169
and 20—amino acid repeat domains between residues
1324 and 2075 that have been implicated in [B-catenin

Abbreviations used in this paper: APC, adenomatous polyposis coli;
COX, cyclooxygenase; DNMT, DNA methyltransferase; FAP, familial
adenomatous polyposis; GSK, glycogen synthase kinase; HNPCC, he-
reditary nonpolyposis colorectal cancer; LOH, loss of heterozygosity;
MSI, microsatellite instability; PPAR, peroxisome proliferator-acti-
vated receptor; TCF, T-cell factor; TGF, transforming growth factor.
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Table 1. Overall Prevalence of Genetic Mutations in Colorectal Cancer

Chromosomal Prevalence
Gene location of mutations Comment
Oncogenes
KRAS2 12p ~50% Consensus activating point mutations at codons 12 and 13
CTNNB1 3p22 ~4%-15% Identified in 50% of tumors without APC mutations;
most mutations in exon 3 at GSK-3B phosphorylation sites
SRC 20911 2% Identified only in metastatic tumors
Tumor-suppressor genes
APC 5021 ~70% Most mutations are truncating and occur early at adenoma stage
TP53 17p13 ~50%-70% Rarely identified in benign adenomas; mutant p53 protein detectable
immunohistochemically
SMAD4 18921 16% >70% of colorectal tumors show allelic loss on 18q; many potential
SMAD2 1821 6% tumor-suppressor gene targets including SMAD4, SMAD2, and
DCC 1821 3% DCC
DNA mismatch repair genes
hMSH2 2p21 >90% of identified germline mutations are in hMSH2 or hMLH1;
hMLH1 3p21 limited mutational data in sporadic tumors, but maximum of 26%
hPMS1 2q31-33 ~15%7 with MSI have somatic hMSH2 mutations
hPMS2 7p22
hMSH6 2p21

@0verall, 15% of tumors display MSI.

interactions,?!° as well as the SAMP (Ser-Ala-Met-Pro)
domains located between the 20 —amino acid repeats that
interact with axin.'' Consistent with the model of tu-
mor-suppressor gene inactivation first proposed by
Knudsen, mutations in 1 copy of APC are typically
coupled with chromosomal deletions of the second wild-
type allele. However, biallelic inactivation may occur
through alternative routes. In some tumors from FAP
patients with a germline APC mutation, deletions of the
wild-type APC allele are not observed. Rather, there are
deletions of the inherited mutant allele, and these are
accompanied by new somatic mutations in the remaining
allele.s:12

Regardless of the mechanism through which they are
acquired, more than 90% of APC mutations result in a
premature stop codon and thus a truncated gene prod-
uct.®!> This observation serves as the basis for the most
commonly used clinical assay for APC gene testing, the
in vitro synthesized protein truncation test (Figure 1).'4
As predicted by the stepwise model of colonic tumori-
genesis cited above, alterations in APC are characteristi-
cally present in benign polyps and the prevalence does
not increase with advancing tumor stage.!3-!3

Several fascinating correlations between genotype and
phenotype have been found in families with germline
APC mutations. Mutations between codons 463 and
1387 are associated with congenital hypertrophy of the
retinal pigmented epithelium.'® An increased risk of
desmoid tumor formation is observed in families with
germline mutations between codons 1445 and 1578.17 In
addition, mutations at the 5" end of the gene proximal to

codon 157!8 or at the 3" end distal to codon 1900 are
associated with a more attenuated form of the disease
(attenuated APC), in which fewer polyps develop than
found in classic FAP and the onset of cancer is delayed
until the sixth decade of life. However, these correlations
are not uniform, and families with identical mutations
may display variable phenotypes.”

Specific polymorphisms of APC are also associated
with an increased risk of colorectal cancer. Individuals
with the I1307K polymorphism (a transition from T to
A at nucleotide 3920 of APC) have a 2-fold increase in
the risk of colon cancer compared with the general
population.?® Tumors develop when new inactivating
mutations in APC arise on the same allele carrying the
I1307K polymorphism; curiously, most such mutations
are situated within 36 nucleotides of the 8—base pair
polyA tract that results from this polymorphism. The
mechanisms underlying this unusual susceptibility to
somatic mutations associated with certain APC alleles
remain to be defined.

The APC gene product is a large protein with multi-
ple functional domains that mediate both oligomeriza-
tion and binding to many intracellular proteins includ-
ing [-catenin, <vy-catenin, glycogen synthase kinase
(GSK)-3, axin, tubulin, EB1, and hDLG.?! The great-
est progress in understanding the function of APC has
been made in studying its interaction with GSK-3f and
B-catenin, each an essential component of the Wingless/
Wnt signaling pathway, which was first characterized in
Drosophila and mice. As outlined in Figure 2, GSK-3(3
complexes with and phosphorylates APC, B-catenin, and
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Figure 1. The APC protein truncation assay. Genomic DNA or com-
plementary DNA is harvested from peripheral blood leukocytes, and
fragments of the APC gene are amplified with polymerase chain
reaction. Each fragment is then transcribed and translated in vitro,
and the synthesized protein products are visualized with gel electro-
phoresis. A truncated protein product is detected in addition to the
normal full-length product in patients who carry an APC mutation in 1
allele. This assay will detect germline mutations in 80% of patients
with classic FAP. WT, wild-type.

axin. Phosphorylation targets B-catenin for degradation
via a ubiquitin-mediated proteasomal pathway.?? Trun-
cation of APC results in the disruption of complex
formation and ultimately increased cytoplasmic levels of
B-catenin. Free B-catenin is translocated to the nucleus,
where it interacts with T-cell factor (TCF)/lymphoid
enhancer factor high-mobility group transcription fac-
tors. TCF-4 is the predominant member of this family of
transcription factors in colonic epithelial cells, and acti-
vation of this pathway up-regulates the oncogenes c-Myc
and cyclin D1, as well as matrilysin, c-jun, fra-1, and
urokinase-type plasminogen activator receptor through
binding to TCF-response elements.>>~2¢ Another recently
identified target is the peroxisome proliferator—activated
receptor (PPAR) & gene, which is also regulated by
nonsteroidal anti-inflammatory drugs (NSAIDs).?” It is
likely that additional important gene targets of TCF still
remain to be identified.

Collectively, these findings suggest that [3-catenin is a
“driver” that up-regulates TCF-responsive genes critical
for proliferation and transformation of colonic epithelial
cells. In this context, it is noteworthy that gain-of-
function mutations in the [-catenin gene (CTNNBI)
have been identified in as many as 50% of colon tumors
with intact APC.?® Overall, 4%—15% of all sporadic
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colorectal adenomas and carcinomas harbor CTNNBI
mutations,?®2? and these localize predominantly to the
amino-terminal regulatory region (amino acids 29—-45)
of exon 3 where critical serine and threonine phosphor-
ylation sites are altered. Because mutant forms of 3-cate-
nin constitutively activate TCF-promoter elements and
transform cells in culture,3%3! it is now clear that B-cate-
nin can function as an oncogene.

Consistent with the essential role of this pathway in
early tumorigenesis, [3-catenin mutations are also iden-
tified in benign adenomatous polyps.
“downstream” of APC, mutations in B-catenin can pro-
mote polyp formation even when APC is intact. In
contrast to APC, the frequency of mutations in benign

Because it is

adenomas (12.5%) decreases significantly in invasive can-
cers (1.4%), suggesting that adenomas with alterations
in B-catenin are less likely to progress to malignancy.?®
Interestingly, no germline mutations in CTNNBI have
yet been described in FAP kindreds with wild-type
APC 32 Similarly, no mutations of GSK-3[3 or axin have
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Figure 2. The APC/B-catenin pathway. APC together with GSK-3 pro-
vides a signal that targets the degradation of cytoplasmic B-catenin
(B-cat). Axin functions as a scaffold for this multimeric complex. In the
presence of either mutant APC or B-catenin, this process is disrupted.
Excess f-catenin is translocated to the nucleus where it binds with
TCF-4 to up-regulate target genes including c-myc, cyclin D1, PPARS,
and cjun. B-Catenin binds to APC in a mutually exclusive manner with
E-cadherin at the plasma membrane. The nature of the extracellular
Wnt signal that may regulate colonic epithelial cells is unknown.
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yet been found in colorectal tumors with intact APC and
CTNNBI. TCF4 mutations have been identified, but
only in a unique subset of colon tumors; 39% (19/49) of
tumors with microsatellite instability (MSI) harbored a
1—base pair deletion within a polyA tract,?> although the
functional significance of this frameshift has not yet been
defined.

The mechanisms that counterbalance signaling
through this pathway are only beginning to be charac-
terized. The mitogen-activated protein kinase—related
enzymes TAK1 and NLK are mammalian homologues
of the MOM-4 and LIT-1 kinases that regulate Wnt
signaling in Caenorbabditis elegans. Both TAK1 and NLK
inhibit [3-catenin—mediated up-regulation of a TCF-re-
sponse element, and this inhibition results from direct
phosphorylation of TCF-4 by NLK.>* The B56 subunit
of protein phosphatase 2A also regulates [3-catenin sig-
naling, and its effects may be mediated through dephos-
phorylation of GSK-3[3.35> Mutations of a phosphatase 2A
subunit were identified in 2 of 13 primary colon tumors,
suggesting that alterations in these counterregulatory
pathways may play a role in the pathogenesis of colorec-
tal cancer.’®

Specific localization of the APC protein to discrete
puncta at the ends of microtubules implies an important
role in regulation of the cytoskeleton and cellular migra-
tion.?” In colonic epithelial cells, APC also interacts with
hDLG through its COOH terminus, and hDLG and
APC colocalize along the lateral plasma membrane.’®
However, animal studies suggest that this interaction
may not be essential for adenoma formation. Mice with a
truncating Apc mutation at codon 1638 (Apc1638T) that
eliminates the COOH-terminus DLG-binding domain
do not develop intestinal adenomas.? In contrast, ani-
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mals carrying a nonsense Apc mutation at either codon
850 or 716 eliminating [-catenin interaction sites de-
velop widespread intestinal polyposis.®®4! A similar pol-
yposis phenotype is observed in mice with a mutant
[B-catenin gene (Table 2).12

The DNA Mismatch Repair Pathway

Identification of the genes responsible for the
HNPCC syndrome has led to insights into a novel mech-
anism of tumorigenesis in colon cancer. Mutations in five
different genes (bMSH2, PMSHG, hMLHI1, hPMS1, and
hPMS2) have now been associated with the syndrome.*?
As many as 45%—-70% of HNPCC families who meet the
Amsterdam criteria have mutations in one of these genes,
most frequently either AMSH2 or AMLHI1.%4% Each of
the five genes encodes a protein involved in DNA mis-
match repair, a complex enzymatic proofreading system
that corrects base pair mismatches that arise during
DNA replication.

In yeast, MSH2 complexes with either MSH6 to rec-
ognize single base pair mismatches, insertions, or dele-
tions or MSH3 to recognize larger 2— to 4—base pair
insertions or deletions.® The MLH1 and PMS2 gene
products then excise the mismatched nucleotides from
the newly synthesized strand. Cells with a defective
mismatch repair system display a mutator phenotype in
which many genes exhibit mutations because of uncor-
rected errors in DNA replication. Genes with simple
repetitive sequences such as polyA tracts or CA-repeat
microsatellites are particularly susceptible targets. Tu-
mors with such alterations are said to display MSI or the
replication error phenotype. A recent National Cancer
Institute workshop proposed a consensus panel of five

Table 2. Summary of Selected Genetic Mouse Models of Colorectal Cancer

Intestinal tumors

Model Genetic alteration +++ ++ + o0 Comment

Apc-Min +/— Truncation at Apc codon 850 J/

X Dnmtl +/— Heterozygous inactivation of DNMT in Min mice v

X pb3 —/— Homozygous inactivation of p53 in Min mice J/ No change in intestinal tumors
Apc716 +/— Truncation at Apc codon 716 J/

X Ptgs2 —/— Homozygous inactivation of cox2 in Apc716 mice v

X Smad4 +/— Heterozygous inactivation of Smad4 in Apc716 mice J/ Tumors are more malignant
Apc1638T +/— or —/— Truncation at Apc codon 1638 J/
Apc1638N +/— Insertion of neomycin gene at Apc codon 1638 J Results in an unstable Apc protein

X Mlhl —/— Homozygous deletion of MIh1 in Apc1638N mice J/ Tumors are also more malignant
Ctnnb ex3 +/— Heterozygous deletion of exon 3 of B-catenin gene J/
Msh2 —/— Homozygous deletion of Msh2 v Frequent lymphomas
Mihl —/— Homozygous deletion of Mih1 J/ Frequent lymphomas
Msh3 —/— Homozygous deletion of Msh3 J/
Msh6 —/— Homozygous deletion of Msh6 v Frequent lymphomas

X Msh3 —/— Homozygous deletion of Msh3 in Msh6 null mice J/
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mononucleotide and dinucleotide microsatellite markers
for MSI testing. On this basis, tumors could be classified
as demonstrating high frequency MSI (MSI-H, =2
markers unstable), low frequency MSI (MSI-L, 1 marker
unstable), or microsatellite stability (MSS, 0 markers
unstable).?”

HNPCC accounts for as much as 3%—6% of colorectal
cancer; virtually all of these tumors display MSI. Up to
15% of sporadic colorectal tumors exhibit MSI. How-
ever, only a small fraction (4%—26%) of these have
identifiable somatic mutations in AMSH2,%%% and only
6%—10% of unselected sporadic cases with MSI harbor
germline mutations in AMSH2 or AMLH1.5%>' Tumors
with MSI show distinctive clinical features including a
proximal colonic location, mucinous or undifferentiated
histology, prominent infiltration of lymphocytes, and
improved prognosis compared with stage-matched mi-
crosatellite stable controls.?7>2 The molecular basis for
these unique clinical phenotypes remains to be defined.

Germline mutations in AMSH2 and AMLHI are
widely distributed throughout the 16 exons spanning 73
kilobases of AMSH2 or the 19 exons spanning 58 kilo-
bases of AMLHI1.>> The majority are point mutations
arising from single base pair substitutions, deletions, or
insertions. In AMSH?2, this results primarily in frame-
shifts (60%) or premature truncations (23%), whereas
frameshifts (409%) or missense mutations of unknown
significance (31%) are typically observed in families with
a mutant PMLHI gene. Simple assays to determine the
functional consequences of these frequent missense mu-
tations are not yet available. The absence of either con-
sensus mutational hotspots or a high frequency of trun-
cating mutations has hampered efforts to develop an
inexpensive and simple mutational assay. Correlations
between genotype and phenotype have not yet been
defined, with the exception of an increased risk of ex-
traintestinal tumors of the urinary tract, stomach, and
ovary in carriers of germline AMSH2 mutations.>*

Inactivation of both alleles of AMSH2 or AMLHI is
necessary to generate the MSI-H phenotype, and this
occurs through several routes. Loss of heterozygosity
(LOH) is often coupled with point mutations of JMSH2
or PMLH 1, consistent with the two-hit model of tumor-
suppressor gene inactivation.’® Epigenetic mechanisms
may also play a role because AMLHI can be silenced
through hypermethylation of CpG islands in its pro-
moter. More than 80% of MSI-positive sporadic colorec-
tal tumors show hypermethylation of the AMLHI pro-
moter, suggesting that this may be a primary mechanism
underlying the MSI phenotype in sporadic tumors.>>
Furthermore, both alleles of PMLHI were hypermethy-
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lated in five of six MSI-positive colon cancer cell lines
without identifiable mismatch repair gene mutations,
and the demethylating agent 5-azacytidine restored the
expression of both AMLH]1 alleles as well as functional
mismatch repair activity.>>>¢ A third mechanism of gene
inactivation is a dominant negative effect caused by a
germline truncating APMS2 mutation at codon 134.57 In
this instance, MSI occurs in cells that still contain a
wild-type APMS2 allele. In mice, homozygous inactiva-
tion of DNA mismatch repair genes can lead to intestinal

tumorigenesis’®~%; some of these models are outlined in

Table 2.

DNA mismatch repair gene defects in HNPCC syn-
drome are presumed to lead to tumor development as
a result of the accumulation of widespread mutations
within short repetitive sequences. Because most stretches
of microsatellite DNA lie in noncoding sequences, many
such alterations are unlikely to be functionally signifi-
cant. However, mutations also occur in genes with re-
petitive sequences in coding exons. The type II TGF-f3
receptor gene was the first such target to be identified,
and frameshift mutations occurred in a short GT-repeat
sequence or a stretch of 10 adenines as a consequence of
either an insertion or deletion of the repeated nucleo-
tides.! This finding provided independent validation of
the importance of the TGF-f3 signaling pathway in colo-
rectal tumorigenesis because TGF-[3 is a potent inhibitor
of colonic epithelial cell growth.6>% Additional muta-
tional targets include the apoptosis regulator BAX,%4 the
insulin-like growth factor II receptor,®> the cell cycle—
regulated transcription factor E2F-4,%¢ TCF-4,33 caspase
5,57 the intestinal homeobox factor CDX2,%8 and even
the mismatch repair genes hMSH3 and hMSH6 them-
selves.®® The latter provides a unique positive feedback
loop in which tumors with MSI can enhance their own
phenotype. Table 3 summarizes the unique association
between this specific class of frameshift mutations and
MSI-positive tumors. Although the relative importance
of these alterations in tumorigenesis is unknown, they
are likely to play a pathogenic role because no mutations
of short repeat sequences are identified in genes (e.g.,
histone) that are not intimately linked to the tumori-
genic process.”?

The relationship between the MSI phenotype and
mutations of APC, KRAS, or TP53 remains unsettled.
Initial reports suggested that APC mutations were
present in only 21% of tumors with MSI,”! but more
recent studies have noted that 43% of tumors with
wild-type APC harbor CTNNBI! gene mutations.”?
Thus, alterations in the APC/(-catenin pathway are
common in tumors irrespective of MSI. Although some
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Table 3. Prevalence of Somatic Frameshift Mutations in
Colorectal Tumors With and Without MSI

Mutated
target MSI* tumors MSI* tumors MSS
Gene sequence (HNPCC) (sporadic) tumors

TGFBRII (A)10 78%-83% 82%-90% 0%
IGF2R (G)g 13% 9% 0%
BAX (G)g 52%-55% 13%-50% 0%
hMSH3 (A)g 50%-58% 39%-46% 0%
hMSH6 (C)g 33% 28%-36% 0%
E2F4 (CAG)13 71% 42%-57% 0%
Caspase-5  (A)io — 62% 0%
TCF4 (A)o — 39% 2%
CDX2 (G)7 5% — 0%
MSS, microsatellite stable; —, data not available.

aFifteen percent of MSS colorectal cancer cell lines exhibit TGFBRII
mutations that are not frameshifts in the polyA tract.

investigators have identified KRAS mutations in only 7%
of MSI-positive tumors,”! others have noted frequencies
as high as 22%-31%, similar to the rates seen in control
tumors with MSS.1¢73 Finally, fewer p53 mutations seem
to be present in tumors with MSI; mutation rates range
from 0%-5%, 13%—40%, and 31%, compared with
rates of 33%—50%, 55%—G67%, and 55%, respectively,
for tumors without MSI.71.73,74

Collectively, these observations establish the overrid-
ing importance of the APC/B-catenin pathway in the
initiation of tumors regardless of MSI status. The mech-
anisms that then govern the accumulation of additional
mutations after initial polyp formation diverge depend-
ing on the underlying basis for genetic instability. In
contrast to MSI-positive tumors that are typically diploid
and possess a narrowly defined mutator phenotype affect-
ing simple sequence repeats, the larger population of
MSS tumors shows more global chromosomal instability
manifested by aneuploidy and frequent LOH.”> The mo-
lecular basis for this type of chromosomal instability is
beginning to be understood, and it seems that alterations
in mitotic checkpoint genes such as ABUBI may be
important.”® Both types of genetic instability can be
observed in benign polyps, and the specific rates at which
subsequent mutations develop during the transition to
malignancy are unknown. However, the clinical obser-
vation that HNPCC-associated polyps become malignant
more rapidly than sporadic MSS polyps suggests that the
MSI mutator phenotype may accelerate tumor progres-
sion. This contrasts with FAP-associated polyps, in
which the process of tumor initiation is accelerated.
Figure 3 summarizes the timing of the key genetic events
in colon cancer pathogenesis, based on whether there is
underlying chromosomal instability or MSI.
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The TGF-$/SMAD Pathway

TGF- and related family members mediate a
wide variety of biological effects, the most characteristic
being its potent inhibition of proliferation.”” TGF-3
initiates its broad spectrum of cellular responses through
binding to the type II TGF-f3 receptor (TGFBRII).
Binding to TGFBRII recruits and activates the type I
receptor through phosphorylation of specific serine and
threonine residues; signaling to the nucleus is then me-
diated through the so-called SMAD proteins, which are
phosphorylated by the type I receptor. To date, nine
SMAD proteins have already been identified. In mam-
malian cells, the type I receptor kinase first phosphory-
lates SMAD2 and SMAD3; SMAD4 then joins the
complex. After translocation to the nucleus, this hetero-
oligomeric complex modulates transcription of specific
genes through cis-regulatory SMAD-binding sequences.
The SMAD pathway has been shown to regulate genes
encoding plasminogen activator inhibitorl,’® the CDK
inhibitors pl5 and p21,79%° cyclin D1,%! and TGF-3
itself,3? among others.

The identification of TGFBRII mutations in most
colorectal tumors with MSI first suggested that genetic
alterations in this pathway may contribute to colorectal
tumorigenesis. Functional studies confirmed that these
mutations render cells resistant to the effects of TGF-3.6!
Type II receptor mutations are also present in 15% of
MSS colorectal cancer lines. Not surprisingly, these are
not frameshifts of the (A)jo tract typically mutated in
tumors with MSI.83 However, the number of mutations
identified in the multiple SMAD genes has been rela-
tively small; 16% (5/31) of primary colorectal tumors
harbor alterations of SMAD4,8% and missense mutations
of SMAD? are identified in 6% (4/66) of cases.8> SMAD4
and SMAD?2 (as well as DCC, the “deleted in colon
cancer” locus) lie on chromosome 18q21 within 10 ¢M of
each other, and all three are thus potential tumor-sup-
pressor gene targets of the LOH on 18q present in as
many as 70% of colorectal cancers.8® So far, no mutations
of the remaining SMADs (SMADI, SMAD3, SMADS, or
SMADOG ) have been documented.?” Of note, deletion of
Smad4 in Apc null mice results in more malignant intes-
tinal tumors than those in Apc null mice alone (Table 2),
suggesting that SMAD4 plays a functional role in tumor
progression.88

The importance of the TGF-f3 pathway in colorectal
tumorigenesis is further underscored by the description
of a colon cancer family exhibiting a germline mutation
in the TGFBRII gene.®? Colorectal tumors developed in
members of this kindred with the loss of the remaining
wild-type allele. In contrast to classic HNPCC syn-
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Figure 3. Overall scheme of
key genetic events in colorectal
tumorigenesis. The critical
genes involved in the develop-
ment of colorectal polyps and
cancer are illustrated. The spe-
cific timing of each genetic
event is crucial in tumor patho-
genesis. These genetic events
can be grouped into two broad
categories. Eighty-five percent
of tumors exhibit chromosomal
instability but stability of micro-
satellite DNA; the typical ge-
netic events associated with
these tumors are illustrated in
A. The remaining 15% of tu-
mors are characterized by MSI;
the key genetic events in these
tumors are illustrated in B.

TGFRRII,
BAX, IGF-IIR,
E2F4, TCF-4

drome, tumors in this family were diagnosed after age 60
and no metachronous lesions were found. Furthermore,
no extracolonic malignancies were reported, illustrating
the unique dependence of intestinal epithelia on the
actions of TGF-f3.

Additional Genetic Events
in Colorectal Tumorigenesis

KRAS is mutated in approximately 50% of colo-
rectal tumors, and alterations in this small GTP-binding
protein almost uniformly occur as activating point mu-
tations in codons 12, 13, and to a lesser extent, 61.
Among their many functions, K-ras pathways transduce
signals from extracellular growth factors to regulate pro-
gression through the cell cycle and proliferation.?> KRAS
mutations are associated with up-regulation of DNA
methyltransferase, cyclin D1, and gastrin, all of which
may be important in colon cancer pathogenesis.”0—92
Mutations are frequently present in aberrant crypt foci,
which may represent the earliest precursor of an ade-
noma. However, these mutations are present in 80%—
92% of nondysplastic or hyperplastic aberrant crypt foci
but only 57% of dysplastic or adenomatous aberrant
crypt foci,”® casting doubt on their importance in tu-
morigenesis given that hyperplastic changes are generally
not thought to be precursors of adenomas.

TP53 mutations are also identified in 50% or more of
colorectal tumors; mutations localize primarily to exons
5—8. The TP53 tumor-suppressor gene product (p53) is
a sequence-specific transcriptional activator that plays
diverse and complex roles in the regulation of cell cycle
progression and apoptosis.®> Most p53 mutations result

in a protein with an abnormally long half-life, and the
accumulation of mutant p53 can be detected immuno-
histochemically. Inactivating mutations in p5>3 occur as
a late event during the transition from adenoma to
carcinoma and are typically accompanied by deletions of
the remaining wild-type allele on chromosome 17p.

The DCC tumor-suppressor gene was cloned in 1990
and encodes a cell surface receptor for the ligand netrin.
Point mutations have been detected in 2 of 30 human
colorectal cancer samples.®* The large size of the gene
(>1300 kilobases) has hampered efforts to analyze a
greater number of tumors for mutations in this gene.
Loss of DCC protein is associated with a poor prognosis,
suggesting an important functional role for the protein.?>
Data on the specific biological activities of DCC are
limited, but regulation of apoptosis has been impli-
cated.”®

SRC encodes a nonreceptor tyrosine kinase that is
frequently up-regulated in advanced colonic malignan-
cies. A truncating mutation at codon 531 was found in
12% of metastatic colorectal tumors in one study.”’
Truncation results in increased src kinase activity and
tumorigenicity in both colony-formation assays and nude
mice.

PPARY, a member of the nuclear hormone receptor
superfamily, is a key regulator of adipocyte differentia-
tion. Interestingly, PPARy is also expressed in colorectal
cancers, and in vitro studies indicate that ligand activa-
tion can induce differentiation of colon cancer cells,
partially reversing the malignant phenotype.?%%° How-
ever, there are conflicting data because ligand activation
in Apc”™ mice results in enhanced tumorigenesis.!00-101
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Monoallelic inactivating mutations of PPAR"Y have been
found in 4 of 55 sporadic colon cancers, suggesting that
ligand signaling through PPAR<Y may prevent colon
tumor development in humans.!0?

Several genes are also consistently up-regulated but
not mutated in colon cancer. Cyclooxygenase (COX)-2 is
overexpressed in as many as 43% of adenomas and 86%
of carcinomas, and the increased levels of COX-2 play a
role in regulating angiogenesis and apoptosis.!?3-10> Fur-
thermore, inhibition of COX-2 activity blocks the
growth of cultured colon cancer cells!?
reduces the number of intestinal polyps in Apc-mutant
mice (Table 2).197 Interestingly, several mouse models of
colonic tumorigenesis suggest that it is the stromal cells
within these tumors that overexpress COX-2.198 Over-
expression of insulin-like growth factor II and incom-
pletely processed forms of gastrin also seem to play a role
in colorectal tumorigenesis.’?~11! Up-regulation of these
tumor-promoting genes cannot be easily classified as a

and dramatically

clonal genetic event underlying tumor formation. Al-
though these events seem to be secondary, they likely
play an important role in tumor pathogenesis.

The number of genes already implicated in colorectal
cancer development is impressive, but the list is un-
doubtedly incomplete. Initial allelotyping studies per-
formed over a decade ago suggested critical tumor-
suppressor gene loci on 5q, 8p, 17p, 18q, and 22q.!!2
Although the APC, TP53, and DCC/SMAD4/SMAD?2
genes have been mapped to 5q, 17p, and 18q, respec-
tively, no candidates have yet been identified on 8p or
22q. LOH on 22q has been confirmed in independent
analyses, inferring the presence of a novel tumor-suppres-
sor gene.!!?

Epigenetic Mechanisms in
Colorectal Tumorigenesis

The transformation of a normal colonic epithelial
cell to a malignant clone is the consequence of a com-
plicated program in which the inappropriate activation
of some genes is accompanied by the specific inactivation
of others. Tumorigenesis requires that this altered pro-
gram is passed on to subsequent generations of cells.
Thus far, this review has focused primarily on the specific
alterations in gene sequence (i.e., mutations) that fulfill
these criteria. However, epigenetic mechanisms, espe-
cially DNA methylation, also seem to play an important
role.

Widespread genomic hypomethylation in both benign
adenomas and malignant colon cancers was first reported
in 1985.114 Interestingly, this global hypomethylation
occurs in the setting of localized hypermethylation.!'> As
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noted above, hypermethylation of CpG islands within
promoter sequences of specific tumor-suppressor genes
can have a potent silencing effect. In addition to AIMLH]I,
hypermethylation of the INK4A?!® gene is observed in
28%—55% of colon tumors.?%116

DNA methyltransferase (DNMT) enzymes catalyze
the transfer of methyl groups from S-adenosyl methio-
nine to cytosine residues. DNMT-1 is the best studied
form in eukaryotic cells. The specific mechanisms that
regulate DNMT activity and the methylation status of
the genome are poorly understood. Mutant K-ras signal-
ing is associated with up-regulation of DNA methyl-
transferase activity.?® Furthermore, elevated DNA meth-
yltransferase activity is detected in colon cancer cells,'!”
and overexpression of DNMT1 can lead to cellular trans-
formation.''® The most compelling in vivo data directly
implicating altered methylation in colorectal tumorigen-
esis come from Apc”” mice crossed with Dnmtl null
mice. A dramatic reduction in the number of intestinal
polyps is observed, suggesting that DNA methylation
plays a critical role in tumor pathogenesis.!!?

Implications for Clinical
Management

Dramatic insights into the genetic basis of colon
cancer have been achieved. These advances will undoubt-
edly have many direct applications to clinical manage-
ment of patients with colorectal cancer. The feasibility of
K-ras and p53 molecular analysis of stool for the diag-
nosis of colon cancer has already been shown and awaits
further refinement.'?%1?! Germline testing for the FAP
and HNPCC syndromes is now commercially available
and plays a valuable role in the counseling of high-risk
families. The search for molecular prognostic markers
that may predict outcomes is ongoing and will hopefully
build on initial observations that the status of chromo-
some 18q LOH and loss of DCC protein staining can be
used to stratify patients.?>122 It is clear that optimal
responses to chemotherapy are influenced by the under-
lying tumor genotype, e.g., the efficacy of DNA alkylat-
ing agents is dependent on an intact DNA mismatch
repair system.'?? Similarly, p53-deficient colorectal can-
cer cells display an enhanced sensitivity to doxorubicin
but are resistant to the commonly used antimetabolite,
5-fluorouracil.’?* Finally, advances in our understanding
of COX-2 up-regulation in colon cancer are already
enabling strategies for the prevention of colon cancer
with NSAIDs.!?5
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