
The adenomatous polyposis coli (APC) gene can be
regarded as the gene for colorectal cancer. Germ-line
mutations in the APC gene result in familial adenoma-
tous polyposis (FAP)1,one of the principal hereditary
predispositions to colorectal cancer. Somatic APC muta-
tions are also found in most sporadic colorectal
tumours2. Analysis of APC and its protein product has
revealed a broad spectrum of functions, ranging from
control of the WNT signal transduction pathway, to cell
adhesion, migration and apoptosis, and chromosomal
segregation at mitosis3–5. Inactivation of APC function
seems to underlie both tumour initiation (selective
advantage through constitutive activation of the WNT
signal transduction pathway) and promotion (enhanced
mutation rate through chromosomal instability) in the
large bowel. This is relevant in view of the ongoing
controversy about the function of selective advantage
versus genetic instability in tumour initiation and pro-
gression6–8. Is tumorigenesis an evolutionary process that
is mainly driven by selection, or does an increased muta-
tion rate itself cause a tumour to arise from a normal cell?
How does loss of APC function influence these processes,
and can we reconcile the selective advantage and genetic
instability theories in colorectal cancer?

The adenoma–carcinoma sequence
Colorectal cancer is one of the most common malig-
nancies among populations in the United States and

Western Europe, and one of the leading causes of
worldwide morbidity and mortality due to cancer. In
the United States alone, approximately 140,000 new
cases are registered each year, and its mortality exceeds
50,000 (REF. 9). In Europe, about 213,000 new cases and
110,000 deaths are reported each year10. The lifetime
colorectal cancer risk in the general population is 5%,
but this figure rises dramatically with age: by the age of
70, approximately half the Western population will
have developed an adenoma. In general, the incidence
of colorectal cancer is high in developed countries,
with incidence rates varying up to 20-fold between
high- and low-risk geographical areas throughout the
world10. These variations are likely to result mainly
from environmental and dietary factors.

Colorectal carcinomas arise through a series of
well-characterized histopathological changes (BOX 1)

as a result of specific genetic ‘hits’ in a handful of
oncogenes and tumour-suppressor genes. At least four
sequential genetic changes need to occur to ensure
colorectal cancer evolution (BOX 1). One oncogene
(KRAS) and three tumour-suppressor genes (APC,
SMAD4 and TP53) are the main targets of these
genetic changes. The dominant or recessive nature of
these genes predicts that at least seven mutations are
required: one oncogenic mutation at KRAS and six
additional ones to inactivate both alleles of the above
tumour-suppressor genes1,11. The tumour-suppressor
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Colorectal cancer arises through a gradual series of histological changes, each of which is
accompanied by a specific genetic alteration. In general, an intestinal cell needs to comply with
two essential requirements to develop into a cancer: it must acquire selective advantage to allow
for the initial clonal expansion, and genetic instability to allow for multiple hits in other genes
that are responsible for tumour progression and malignant transformation. Inactivation of APC —
the gene responsible for most cases of colorectal cancer — might fulfil both requirements.
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polyps12,19. Apparently, the synergistic action of the
mutated APC and KRAS genes underlies clonal expan-
sion and dysplasia in the nascent colorectal tumour.
However, the observation that 50% of colorectal can-
cers do not have KRAS mutations indicates that muta-
tions in other unknown oncogenes might be involved
in a substantial proportion of cases. Alternatively, other
epigenetic and/or mutation mechanisms might pro-
mote APC-driven tumorigenesis in the absence of the
activation of KRAS or other oncogenes.

LOSS OF HETEROZYGOSITY (LOH) studies have been piv-
otal in the identification of the tumour-suppressor
genes that are involved in colorectal tumorigene-
sis18,20–22. LOH in chromosomes 5q, 8p, 17p and 18q
was found at high frequencies, presumably centered
around the following tumour suppressor genes: APC
in 5q, TP53 in 17p, and SMAD4 in chromosome 18q.
Loss of chromosome 17p is found in approximately
75% of colorectal carcinomas, but infrequently in
benign lesions, indicating that loss of p53 function is
involved in late progression rather than initiation18,23.
Interestingly, LOH of chromosome 17p is nearly
always associated with the presence of missense

gene mutations are found in most tumours, whereas
KRAS mutations are found in approximately 50% 
of cases.

Mutations in the APC gene are the earliest genetic
alteration in the genesis of colorectal tumours and
seem to be required to initiate clonal evolution2. The
temporal order, rather than the accumulation, of
these genetic changes along the tumorigenic process
is of paramount importance for both tumour mor-
phology and the likelihood of tumour progression.
APC mutations are found in the very earliest stages of
the adenoma–carcinoma sequence, known as aber-
rant crypt foci (ACF; see BOX 1), and are closely asso-
ciated with the degree of DYSPLASIA of these small
lesions12,13. Both allelic losses and point mutations
have been found in chromosome 5q21 where APC is
localized2,14,15.

Acquired, activating KRAS mutations are found in
approximately 50% of sporadic colorectal adenomas
and carcinomas16–18. Notably, KRAS mutations are also
found in a large proportion of nondysplastic lesions
that have a more limited potential to progress to larger
tumours, such as nondysplastic ACF and hyperplastic

DYSPLASIA

Disordered growth: that is,
an abnormally organized cell.
The alterations include size,
shape (pleomorphism),
hypochromatic nuclei, and 
also architectural orientation 
of adult cells, generally
representing a premalignant
stage.

LOSS OF HETEROZYGOSITY 

(LOH). In cells that carry a
mutated allele of a tumour-
suppressor gene, the gene
becomes fully inactivated when
the cell loses a large part of the
chromosome carrying the
wild-type allele. Regions with
high frequency of LOH are
believed to harbour tumour-
suppressor genes.

Box 1 | Histopathology of colorectal cancer 

Throughout the large intestine, a monolayer of epithelial cells lines tubular glands or crypts. These are invaginations
of the epithelium that effectively increase the surface area of the colon and rectum. The small number of stem cells
located at the base of each crypt give rise, by asymmetric division, to four cellular types: columnar absorptive cells,
goblet cells (mucus-secreting), and neuroepithelial cells, and paneth cells, which are occasionally present at the base
of crypts in the caecum and ascending colon. Dividing cells are located in the lower third of the crypt, whereas the
differentiated types are found in the upper two-thirds. The cells continuously migrate upwards and are eventually
exfoliated into the lumen by an apoptotic mechanism. The process of epithelial renewal takes 3–6 days142. Cell
mitotic rates in the colonic epithelium equal loss rates. Intestinal tumours are the result of an increase in this
gain:loss ratio. The earliest manifestations of colorectal neoplasia are the aberrant crypt foci or ACF143 — only visible
by methylene blue staining or by microscopy. ACF usually encompass few crypts and can be composed either of cells
of normal morphology (nondysplastic), or dysplastic cells (see figure). The latter are more likely to progress to
become a polyp — a benign tumour mass that protrudes into the lumen from the intestinal epithelium144 (see
figure). Polyps, like their ACF counterparts, can be of two types: hyperplastic (nondysplastic) and adenomatous
(dysplastic). Hyperplastic polyps preserve normal architecture and cellular morphology, whereas adenomatous
polyps are characterized by abnormalities in both inter- and intracellular organization. The epithelium is organized
in multiple layers, nuclei are enlarged, and their alignment at the basal membrane is lost (see figure). (Figures
reproduced with permission from WebPath, courtesy of Edward C. Klatt M.D., Florida State University College of
Medicine, and from REF. 144  (1998) Massachusetts Medical Society.)
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SMAD4, also known as DPC4 (deleted in pancreatic
cancer)25, encodes a key signalling molecule within
the growth-suppressing transforming growth factor
β (TGF-β) pathway26, (BOX 2). Loss of SMAD4 func-
tion, by LOH, deletions and point mutations, has
been found in pancreatic and colorectal carcino-
mas25,27. SMAD2 also maps to chromosome 18q, and
encodes another member of the TGF-β pathway that
is specifically mutated in a subset of colorectal carci-
nomas28. Although additional studies will be neces-
sary to elucidate precisely the role of these and other
chromosome 18q genes in cancer, SMAD4 and
SMAD2 are likely to represent the main tumour-sup-
pressor genes, inactivation of which drives malignant
progression of colorectal tumours (BOX 2).

The analysis of genetic alterations of these tumour
suppressors and oncogenes at different stages of the
adenoma–carcinoma sequence has allowed Vogelstein
and colleagues to develop a model for the clonal evolu-
tion of colorectal tumours by the acquisition of sequen-
tial mutations11 (BOX 1). At the start of the process, inac-
tivation of both alleles of the APC gene triggers the
adenomatous process by providing the nascent tumour
cell with a selective advantage to allow clonal expansion.
However, an additional oncogenic mutation — often in
KRAS — is required for adenoma growth and progres-
sion. Subsequent clonal expansion and malignant trans-
formation is driven by additional mutations and allelic
losses in TP53, SMAD4 and other 18q tumour-suppres-
sor genes. Although additional mutations in as yet
unidentified genes might be necessary for colorectal
cancer development, the model predicts that at least
seven genetic hits are required. This is reflected by the
long time — 20–40 years — that the whole process
takes to develop an invasive carcinoma from the small-
est observed lesion, the ACF. The situation seems to be
different in mice, in which no somatic mutations in the
Trp53 (mouse TP53) and Kras genes were found in
intestinal tumours derived from Apc-mutant animals29

(see also BOX 3). This might be explained by physiologi-
cal and genetic differences between humans and mice
(for example, the shorter lifespan in mice, and/or the
inbred genetic backgrounds in which the morbid
phenotypes of targeted mouse mutations are analysed).

Selection or genetic instability? The clonal evolution
model is in agreement with the concept of selection
being the main driving force behind tumour initiation
and progression7. However, it has been argued that
endogenous mutation rates are not sufficient to allow
the high number of genetic hits found in human can-
cers, implying that genetic instability, in the form of a
‘mutator phenotype’, is an essential requirement for
cancer to occur8,30. A third hypothesis was proposed by
Duesberg and colleagues31,32, according to which aneu-
ploidy, rather than gene mutations, can explain genetic
instability, as it generates abnormal chromosomes in an
autocatalytic fashion, thereby effectively unbalancing
large numbers of genes and explaining the complex
changes in cellular phenotypes observed in cancer.
Colorectal cancer offers a unique model to show how

mutations in the remaining TP53 allele, in line with
KNUDSON’S TWO-HIT MODEL for tumour-suppressor
genes24. Similar LOH frequencies — that is, approxi-
mately 50% of large adenomas and 75% of malignant
colorectal cancers — have been found for chromo-
some 18q (REFS 18,20–22). The identification of the
tumour-suppressor gene(s) around which 18q losses
are centred has been challenging, as several candidate
genes map to this chromosomal segment. The
SMAD2 (JV18-1/MADR2) and SMAD4 genes are
now regarded as the most likely tumour suppressors.

KNUDSON’S TWO-HIT-MODEL

Proto-oncogenes become active
oncogenes by a single ‘gain-of-
function’ (activating) mutation,
whereas two inactivating ‘hits’
(mutations) are required to
achieve loss of function in a
tumour-suppressor gene.

Box 2 | The TGF-β signal transduction pathway in colorectal cancer

Mutations in members
of the transforming
growth factor-β (TGF-β)
signalling pathway are
thought to have a rate-
limiting role in
colorectal cancer26.
Depending on the tissue
type, TGF-β can
stimulate or inhibit cell
proliferation,
differentiation, motility,
adhesion or
apoptosis153. In the
colorectum, TGF-β and
related cytokines exert a
potent inhibitory effect
on cell growth. This is
mediated by a
heterodimeric receptor
(comprising a type I and
a type II subunit), which
is a ligand-activated Ser/Thr kinase, and the substrates of these receptors, the SMAD
proteins. Binding of TGF-β to its receptor activates the type I receptor kinase activity,
which phosphorylates receptor-specific SMADs (R-SMADs), such as SMAD2.
Phosphorylated R-SMADs are then translocated to the nucleus by a co-SMAD such as
SMAD4. The SMAD complex, in conjunction with other DNA-binding proteins, then
activates (or represses) transcription of specific target genes. Although some of these
have been identified (p21, PAI1, JUNB), the intestine-specific TGF-β targets have not
yet been investigated.

In general, tumours acquire TGF-β resistance at a relatively late stage26. But germ-line
mutations in SMAD4 and BMPR1A (encoding another receptor in the TGF-β pathway)
have been identified in juvenile polyposis. This is an inherited predisposition to
hamartomatous polyps, lesions in which the affected tissue is essentially normal, but is
arranged in a disorganized fashion145,146. More evidence of SMAD genes being involved
in intestinal tumour initiation and progression comes from genetically modified mice:
Smad3- and Smad4-mutant mice develop intestinal cancer147–149, whereas
Apc+/∆716/Smad4+/– compound heterozygous mice develop intestinal polyps that are
more malignant than those in the simple Apc+/∆716 heterozygotes150. Although
previously regarded as innocuous lesions, colorectal hyperplastic polyps are now
recognized as an important pre-cancerous condition151.

Molecular genetic analysis of hereditary non-polyposis colorectal cancer (HNPCC)
has underscored the rate-limiting function of TGF-β signalling in colorectal cancer.
The coding sequence of the type II TGF-β receptor contains an (A)

8
repeat that makes 

it a preferential target for mutations in mismatch repair (MMR)-deficient tumours.
Indeed, frameshift mutations of this repeat are found in most tumours with
microsatellite instability (MIN)152. (Figure reproduced with permission from REF. 153
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understood at the molecular level. CIN tumours have a
defect in chromosome segregation, which manifests as
both qualitative and quantitative variations in chromo-
some numbers among cells from individual clones39,40.
CIN might result from loss of the mitotic checkpoint
gene BUB1 (REF. 41) or from TP53 mutations42. However,
BUB1 mutations are very rare in colorectal carcinomas41,

and TP53 mutations and LOH occur too late to account
for CIN18, as aneuploid changes have been observed in
very early stages of adenoma43–45. More recently, we and
others have found that mutations in APC can give rise
to chromosomal instability4,5 and are likely to elicit CIN
with the synergistic cooperation of other somatically
acquired mutations.

different types of genetic instability contribute to
tumour initiation and progression. Two forms of genet-
ic instability have been described in colorectal cancers33:
microsatellite instability (MIN) and chromosomal
instability (CIN). MIN has been widely studied in many
tumour types and is due to defects in the DNA MISMATCH

REPAIR (MMR) machinery. This results in a mutator phe-
notype at the nucleotide level, and a consequent insta-
bility of repetitive sequences such as microsatellites34,35.
Sporadic MIN tumours account for approximately 15%
of all colorectal cancers. Notably, most MIN tumours
are near-diploid and have nucleotide mutation rates
2–3-fold higher than normal cells36–38. CIN is the hall-
mark of most colorectal cancers, but is incompletely

Box 3 | APC mouse models 

Mouse models for intestinal cancer have been generated by introducing specific germ-line mutations in the mouse Apc
gene29. The availability of these mice on the same inbred genetic background (C57BL/6J (B6)) allows the comparison
of their phenotypes and the establishment of precise genotype–phenotype correlations. Analysis of these mice has also
provided important clues to the function of APC in homeostasis and tumorigenesis.

The best-known model is the ApcMin mouse, which was generated by random ethylnitrosourea mutagenesis. ApcMin

carries a nonsense mutation in codon 850 of the Apc gene, leading to a truncated Apc polypeptide of approximately 95
kDa. Heterozygous Apc+/Min (Min) animals develop more than 100 intestinal tumours per animal, mainly located in the
upper gastrointestinal (GI) tract. The wild-type Apc allele is lost, together with the entire chromosome 18 in most of
the lesions. ApcMin mice also develop some extra-intestinal tumours.

The Apc∆716 mouse model was generated by introducing a neomycin cassette in Apc codon 716, resulting in a
truncated protein of approximately 80 kDa. Similar to Min, this mutation leads to many upper GI adenomas, but
extra-intestinal lesions have also been reported.

The Apc1638N mouse was generated by introducing the neomycin gene in codon 1638, in the transcriptional
orientation opposite to that of Apc. For unknown reasons, homozygous Apc+/1638N cell lines contain very low amounts
(1–2%) of the expected 182 kDa truncated protein. Apc+/1638N mice develop, on average, 5–6 intestinal tumours per
mouse, and a broad spectrum of extra-intestinal manifestations, including multifocal desmoids and cutaneous cysts.

A similar targeting construct was used to generate the Apc1638T mouse, but the cassette is inserted in codon 1638 in
the same transcriptional orientation as Apc. This leads to expression of a truncated 182 kDa Apc polypeptide in a 
1:1 ratio with the wild-type 312 kDa protein. The truncated protein lacks the binding region for tubulin, EB1-like
proteins and DLG (Drosophila discs large). Apc+/1638T mice do not develop tumours. Moreover, unlike all the models
discussed above, homozygosity for Apc1638T is compatible with adult life. Most importantly, homozygous Apc638T

animals do not show any increased tumour susceptibility. E, nuclear export signal; I, nuclear import signal 
(Figure adapted from REF. 29.  (2001), with permission from Elsevier Science.
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MISMATCH REPAIR

A system to repair base-pair
mismatches that can occur,
for instance, during DNA
replication. Mutations in genes
that encode components of the
mismatch-repair machinery
result in microsatellite
instability (MIN).

BUB1

This gene encodes one of the
components of a complex that
localizes to chromosomal
kinetochores and mediates the
mitotic-spindle checkpoint.
This checkpoint inhibits the
metaphase to anaphase
transition until all the
chromosomes are properly
attached to the mitotic spindle.
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respectively, whereas the three SAMP repeats (Ser-Ala-
Met-Pro) that are interspersed among the 20-amino-
acid repeats allow interaction with axin/conductin.
GSK3β is believed to phosphorylate four critical Ser/Thr
residues in the amino terminus of β-catenin57. This tar-
gets β-catenin/Armadillo for ubiquitylation by an SCF

complex, that contains the F-box protein βTrCP58,59, and
for subsequent proteasomal degradation.

The serpentine Frizzled receptors60 cooperate with
the low-density lipoprotein-receptor-related protein
LRP6 to bind WNT factors and to inactivate GSK3β in
the destruction complex. This inactivation process is
not well understood, but involves the intracellular pro-
tein Dishevelled56. WNT-activated LRP6 might also
directly bind and inhibit axin. As a consequence of
WNT signalling, β-catenin becomes stabilized and
shuttles to the nucleus. Once in the nucleus, β-catenin
binds to DNA-binding proteins of the T-cell-factor
(TCF) family, to serve as an essential co-activator of tran-
scription61,62. The activity of TCF is tightly controlled,
as TCFs are complexed with potent corepressors, such
as Groucho63,64, in the absence of WNT signalling.

It is not clear why the destruction complex contains
two different scaffolding proteins, APC and axin/con-
ductin. One hypothesis states that they perform distinct
functions: APC might serve to carry β-catenin to the
destruction complex, whereas axin might be the central
co-ordinator of the activity of the complex65,66. APC
harbours nuclear localization signals (NLS) as well as
nuclear export signals (NES), although there is still
debate as to which NES sequences are dominant.
Although the presence of NLS and NES sequences indi-
cates that APC is involved in mediating nuclear trans-
port of β-catenin, regulation of β-catenin nuclear
export/import might be more complex as other factors
are known to be required67.

APC has other functions in addition to controlling
the WNT pathway (FIG. 2). In this regard, β-catenin func-
tions not only as a WNT transducer, but also as an essen-
tial component of ADHERENS JUNCTIONS, where it provides
the link between E-cadherin and α-catenin, which, in

Cahill et al.46 have proposed a model to reconcile
genetic instability and Darwinian selection in
tumours. Studies in bacteria have shown that fitness is
achieved through a balance between the positive and
deleterious cellular effects of genetic variability —
caused by mutations — to allow survival in a selective
environment. At one end of the spectrum, absence of
genetic instability does not allow enough cells to pass
through the first selection barrier along the multistep
pathway to cancer. At the other end, excessive genetic
instability leads to widespread DNA damage, activa-
tion of apoptotic pathways and cell death. Only a
moderate form of genetic instability is tolerated by the
cell. Genetic instability accompanies the tumour along
its progression route as it continuously ensures suffi-
cient genetic variability to overcome additional selec-
tion barriers46. This ‘just-right instability’ model might
be active at early stages of colorectal tumorigenesis45,47.

Functional aspects of APC
APC was identified by positional cloning of the FAP
locus48,49. Subsequently, most sporadic colorectal
tumours were found to harbour mutations in both
APC alleles50. The sequence of the large (312 kDa)
APC protein (FIG. 1) did not allow specific predictions
about its intracellular function. The first functional
clues were provided by the identification of β-catenin
as a binding partner of APC51,52. Mammalian β-catenin
had been cloned as an essential intracellular compo-
nent of cadherin adhesion complexes, whereas its
Drosophila homologue, termed Armadillo, had been
identified as a downstream component of the
Wingless/Wnt signalling pathway.

The WNT signalling pathway has been assembled
from combined work in flies, frogs and mammals (FIG.
2). In unstimulated cells, free β-catenin is destabilized
after binding to the so-called destruction complex,
which consists of the scaffolding proteins axin and con-
ductin, glycogen synthase kinase 3β (GSK3β) and
APC53–56. The 15- and 20-amino-acid repeats in APC
mediate binding and downregulation of β-catenin

SCF (FOR SKP/CULLIN/F-BOX)

COMPLEXES

In these so-called E3-ubiquitin
ligase complexes, F-box
proteins recognize substrates,
after which ubiquitin is
enzymatically transferred by
the complex to a lysine residue
on the substrate. The ubiquitin
tail marks the substrate protein
for degradation by the
proteasome.

TCF

Transcription factors of the 
T-cell factor/lymphoid-
enhancer factor (LEF) family
that bind to DNA HMG boxes
and constitute the most
downstream components of
the WNT pathway. Mammals
possess four TCF/LEF genes,
whereas worms and flies 
each carry one Tcf gene in 
their genome.
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Intercellular adhesion
structures that tightly seal the
lateral spaces between cells in
simple epithelia. They contain
the intercellular adhesion
molecule E-cadherin, and α-
and β-catenin.
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Figure 1 | The adenomatous polyposis coli (APC) protein. Conserved regions, such as the Armadillo repeats, and regions
that interact with other proteins, including tubulin, the microtubule-associated protein EB1, discs large (DLG), β-catenin and
axin/conductin, are shown. APC also contains several consensus sites for phosphorylation by p34cdc2, five nuclear export signals
(E) and two nuclear import signals (I). Most somatic mutations occur in the mutation cluster region. Most of these mutations lead
to truncated proteins.

© 2001 Macmillan Magazines Ltd



60 |  OCTOBER 2001 | VOLUME 1  www.nature.com/reviews/cancer

R E V I EW S

Moreover, although most colorectal tumours carry
mutations in APC, those with an intact APC gene con-
tain activating mutations of β-catenin that alter func-
tionally significant phosphorylation sites79,81.
Mutations in other members of the WNT pathway,
including conductin82 and axin83,84, have also been
shown to be associated with cancer.

Most APC mutations result in truncated proteins
that lack all axin/conductin-binding motifs and a vari-
able number of the 20-amino-acid repeats that are
associated with the downregulation of intracellular β-
catenin levels85,86. In FAP, germ-line mutations are scat-
tered throughout the 5′ half of the APC gene; by con-
trast, most somatic mutations are clustered between
codons 1286 and 1513, the so-called mutation cluster
region (MCR)85–87. In agreement with Knudson’s two-
hit hypothesis, inactivation of both APC alleles can be
detected in most intestinal tumours at early stages of
tumour development2,85. However, in its original for-
mulation, Knudson’s hypothesis postulates that the two
hits represent independent mutation events, the end
result of which is loss of tumour-suppressing function.
Detailed mutation analysis of tumours from patients
with FAP and Apc+/– mice (BOX 3) has shown that APC
does not entirely follow this model88–90. The position
and type of the second hit in FAP polyps depends on
the localization of the germ-line mutation. This is

turn, binds actin and actin-associated proteins68. APC
might, therefore, control intercellular adhesion by regu-
lating the stability and subcellular localization of β-
catenin. In addition, APC associates with the micro-
tubule cytoskeleton directly69,70. This function involves its
carboxyl terminus and is unrelated to its capacity to reg-
ulate the WNT signalling pathway. Accordingly, APC
concentrates in granules at the growing ends of micro-
tubules71–73.A domain in the extreme C terminus of APC
mediates binding to microtubule-associated proteins of
the EB/RP family74–76. Genetic evidence in yeast implies
important roles for EB/RP proteins in mitosis: the bud-
ding yeast homologue Bim1 controls microtubule stabil-
ity and positioning of the mitotic spindle, and the fission
yeast homologue Mal3 was identified in a screen for
chromosome missegregation77.

APC in cancer
Selective advantage and the second hit. APC, then,
encodes a multifunctional protein that might partici-
pate in several cellular processes, such as cell adhesion
and migration, signal transduction, microtubule
assembly and chromosome segregation. However,
despite the fact that each of these roles is potentially
linked with cancer, it seems that the main tumour-
suppressing function of APC resides in its capacity to
properly regulate intracellular β-catenin levels78–80.

No transcriptionProteasome

β-TrCP β-cat

β-cat

α-cat
β-cat

Polyubiquitin

Actin cytoskeleton

GSK3β

TCFGroucho

β-cat

Axin/conductin

Frizzled

LR
P

6

Transcription

β-cat

α-cat

GSK3β β-cat

Axin/conductin

Frizzled

LR
P

6

β-cat TCF

APC

APC

GBP

Dishevelled

P

P

P

WNT

E-cadherin
SCF complex

Adherens
junction

a b

–

Destruction complex

Figure 2 | The WNT signalling pathway. a | In the absence of a WNT signal, the level of free intracellular β-catenin is minimized
by sending it for degradation in the proteasome. Free cytoplasmic β-catenin, which is in equilibrium with β-catenin at adherens
junctions, is recruited to a ‘destruction complex’ containing APC, axin/conductin and glycogen synthase kinase 3β (GSK3β).
GSK3β phosphorylates β-catenin, allowing it to be recognized by an SCF complex containing the F-box protein β-TrCP. Other
proteins in the SCF complex catalyse the addition of a polyubiquitin chain to β-catenin, allowing β-catenin to be recognized and
degraded by the proteasome. Consequently, β-catenin cannot reach the nucleus, and cannot co-activate TCF-responsive
genes. Groucho, a corepressor, also prevents the activation of TCF-responsive genes in the absence of β-catenin. b | In the
presence of WNT, its receptor, Frizzled, in complex with LRP6, is activated. This leads to a poorly understood signalling cascade
in which Dishevelled activates GBP — an inhibitor of GSK3β. Consequently, β-catenin cannot be targeted for destruction and is
free to diffuse into the nucleus, where it acts as a co-activator for TCF-responsive genes.
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nuclear β-catenin and activation of the downstream
target genes that are relevant for tumour formation in
the intestine. Excessive β-catenin accumulation in the
nucleus has been shown to result in programmed cell
death91, and is therefore unlikely to be selected for dur-
ing tumour formation. The reasons for the species-spe-
cific difference between somatic APC mutations in
humans and mice might relate to the absence of
acquired Kras and Trp53 mutations in Apc-mutant
mouse tumours29 and/or to other differences in the
Wnt-signalling downstream response.

Downstream targets of APC/β-catenin signalling. The
first two identified downstream targets of the APC/β-
catenin pathway, MYC and cyclin D1, are clearly rele-
vant in tumour formation because of their role in pro-
liferation, apoptosis and cell-cycle progression92–94.
Changes in the normal expression pattern of MYC and
cyclin D1 are likely to affect normal intestinal epithelial
renewal by increasing the overall proliferation rate. In
fact, several studies have reported increased numbers of
cycling cells in colorectal tumours95–98. The products of
other WNT target genes, such as matrilysin99,100, CD44
(REF. 101), MYC itself102 and the urokinase-type plas-
minogen activator receptor103, seem more likely to be
involved in tumour promotion rather than initiation.

In the normal intestinal epithelium, nuclear β-
catenin expression is higher in the proliferative com-
partment, whereas it is decreased in the upper two-
thirds of the crypt (M. Kielman and R. F., unpublished
observations). Conversely, cytoplasmic APC staining is
markedly increased in post-replicative cells within the
upper portions of the crypt, indicating an increased

unexpected in a two-hit scenario , in which any loss-of-
function mutation would result in tumour formation.
Apparently, somatic APC mutations are selected based
on the growth advantage they provide to the tumour
cell. However, the limited point-mutation data available
from this original study did not allow the authors to
propose a selection mechanism based on a specific
functional motif within APC 88. An Apc mouse model
specifically engineered to enrich for point mutations as
the main second-hit mechanism has allowed us to
identify the motif that is selectively lost: somatic Apc
mutations are selected that remove all the 20-amino-
acid repeats, thereby completely inactivating the β-
catenin-downregulating activity of Apc90. In contrast, in
most human colorectal adenomas, truncated APC pro-
teins are selected that retain one or two 20-amino-acid-
repeats. Recently, Albuquerque et al. (C. Albuquerque,
C. Breukel, R. van der Luijt, P. Fidalgo, P. Lage, F. J. M.
Slors, C. Nobre Leitao, R. F. and R. S., unpublished
observations) have analysed in more detail the APC
second hit in more than 100 polyps from several differ-
ent FAP patients. These results show that the depen-
dence between germ-line mutation and the resulting
spectrum of somatic mutations that successfully lead to
tumour formation is more complex than suggested
previously. Specific APC genotypes are selected during
tumour formation on the basis of the specific level of
residual β-catenin downregulating activity that they
can still exert, rather than on the complete inactivation
of this signal transduction regulatory function of APC
(FIG. 3). According to this ‘just-right signalling’ model,
the signalling function of APC must be impaired to a
specific degree to allow sufficient accumulation of

Germ-line mutation Second hit

or shorter

or

or (less frequently)

or (less frequently)

LOH
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1

2
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Oligomerization

Armadillo repeat

β-catenin binding (15-amino-acid repeat)

β-catenin downregulation (20-amino-acid repeat) 

Figure 3 | Interdependence of germ-line and somatic APC mutations in FAP polyps. Both the position and type of the
second hit in familial adenomatous polyposis (FAP) polyps depend on the localization of the germ-line mutation. The germ-line
and somatic mutations are represented by their resulting truncated protein. Numbers to the right of the proteins refer to the
number of 20-amino-acid repeats still present in the truncated protein. Germ-line mutations leading to a truncated protein
lacking all the 20-amino-acid repeats acquire somatic hits, resulting in truncated proteins harbouring one or two repeats. If the
germ-line mutation generates a truncated protein retaining only one repeat, most second hits have allelic loss of the wild-type
allele or, less frequently, point mutations resulting in short truncated proteins. On the other hand, if the germ-line mutation results
in a truncated protein with two 20-amino-acid repeats, most somatic hits result in short truncated proteins. In all cases, at least
one of the mutations leaves a truncated protein retaining one or two 20-amino-acid repeats. LOH, loss of heterozygosity.
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level of expression with maturation, whereas it is virtu-
ally absent in the crypt region where cells are actively
dividing104,105. This pattern of expression is in agree-
ment with the role of β-catenin signalling in maintain-
ing stem-cell properties and controlling differentiation
in the intestine106. In the bowel, TCF4 is the main tran-
scription factor that transduces β-catenin signals in the
nucleus107. Tcf4–/– mice cannot sustain an intestinal
stem-cell compartment, indicating that activation of
downstream targets such as MYC, TCF1, and cyclin D1
are required to maintain proliferative capacity106,108–110.
Moving upwards along the crypt–villus axis, an
increase of APC expression counteracts β-catenin sig-
nalling and allows differentiation. Activation of β-
catenin signalling by APC mutation is therefore likely
to result in an enlargement of the stem-cell compart-
ment and diminished differentiation. Indeed, it is gen-
erally accepted that colorectal tumours arise from the
stem cells that are located at the base of the crypts.
However, a recent study has shown that, at early stages
of the neoplastic process, dysplastic cells reside at the
luminal surface of otherwise normal crypts111. These
luminal dysplastic cells carry APC mutations not pre-
sent in stem cells located at the base of the same crypts.
Although other explanations of these data are still plau-
sible, one model predicts that dysplastic cells spread lat-
erally by replacing the normal pre-existing crypts. This
‘top-down’ process has important implications for
understanding the mechanisms underlying tumour
formation in the colorectum (FIG. 4). Whereas activation
of MYC and cyclin D1 in luminal post-replicative cells
is still likely to release their cell-cycle block and stimu-
late cell proliferation, it is not clear whether de-differ-
entiation of these cells occurs. Intestinal tumours from
both Apc and β-catenin mutant mice show a high pro-
portion of undifferentiated crypt-like cells with large
numbers of dividing cells, although all differentiated
cell types are still present112,113.

APC and chromosomal instability. Recent studies have
shown that the C terminus of APC is involved in main-
taining chromosomal stability during mitosis4,5. APC
localizes to the kinetochore of metaphase chromosomes,
and this localization is likely to be dependent on the inter-
action between APC and EB1.Accordingly, Apc-mutant
cells have an abundance of spindle microtubules that fail
to connect to kinetochores and are characterized by CIN
(FIG. 5). The CIN phenotype is also recapitulated by the
induced expression of the EB1-binding domain of APC
in near-diploid colorectal cancer cells4. However, the fail-
ure of APC to localize at the kinetochores in mutant cell
lines might also result from the inability of truncated
APC to bind microtubules, and might not be directly
related to EB1 binding. Moreover, Apc–/– cells have super-
numerary centrosomes, a defect possibly unrelated to the
kinetochore-capture function of APC4. Two types of
chromosomal abnormalities occur in mouse Apc-defi-
cient cells: quantitative changes (near-tetraploidy), pre-
sumably arising from non-disjunction defects, and struc-
tural rearrangements (chromosomal translocations),
resulting from chromosomal breakage and reunion.

APC β-catenin

Villus

Crypt

a

b c

Figure 4 | Models of colorectal tumorigenesis. a | The
gastrointestinal epithelium contains crypts and villi. Cell
division occurs in the crypts, and cells gradually move up
the crypt walls as they differentiate, eventually being
sloughed off into the gut lumen. APC is highly expressed in
differentiated intestinal epithelial cells (IECs), and its levels
gradually increase as differentiating IECs move up the
crypt–villus axis. Conversely, levels of β-catenin decline as
IECs move up the crypt–villus axis. Two models to explain
the origin of colorectal cancer are b | the ‘bottom-up’, and
c | the ‘top-down’ model. In the bottom-up model,
transformation is initiated in a stem cell at the base of the
crypt (arrow), which proliferates, replacing the normal
mucosa with transformed cells from the bottom up. In the
‘top-down’ model, transformation is initiated in a fully
differentiated cell, which proliferates and replaces the
normal mucosa from the top down.
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‘just-right signalling’ is likely to result in the differential
expression of a subset of the WNT downstream targets
that provide a growth advantage to the APC-mutant
intestinal cell.

The role of APC mutation in deregulating the
WNT pathway does not necessarily need to be limited
to the initial stages of the adenoma–carcinoma
sequence. Nuclear β-catenin staining strongly corre-
lates with tumour size and dysplasia102,116, and high
levels of nuclear β-catenin have been found at the
invasion fronts of adenocarcinomas117. So, the pro-
gression from an early adenoma to an invasive carci-
noma is associated with a progressive increase of
nuclear β-catenin levels. Accordingly, several down-
stream targets of the APC/β-catenin signalling path-
way, such as MYC, matrilysin, CD44, and the uroki-
nase-type plasminogen activator receptor, show
similar correlations with tumour progression and
have been implicated in tumour invasion and metas-
tasis99–103. Moreover, mutations in other genes that are
not directly involved in the WNT pathway might also
affect signal transduction. For example, loss of E-cad-
herin is often observed in epithelial tumours and is
generally correlated with cell-adhesion defects.
However, because of its direct interaction with β-
catenin, E-cadherin loss could result in an increase of
the cytoplasmic pool of β-catenin that is available for
nuclear signalling. Accordingly, both genetic and bio-
chemical evidence has recently been provided to show

Notably, both processes seem to occur in most cells. This
is in agreement with a dual function for APC in mitosis:
the proper attachment of the mitotic spindle to the divid-
ing chromosomes at the kinetochore, and the regulation
of centrosome duplication through its interaction with
tubulin and the centrosome5.Whereas loss of the former
function will lead to non-disjunction and tetraploidy,
defects of the latter will result in mitotic cells with multi-
polar spindles that exert multidirectional forces on the
kinetochore, resulting in chromosomal breakage and
fragmentation114. Thiagalingam et al.40 have observed a
similar dichotomy in a detailed study of chromosomal
losses in human colorectal cancers. Approximately 40%
of the losses were predicted to result from mitotic non-
disjuction, but in more than half of the cases, fusions
between different chromosomes were observed that are
likely to derive from double-strand breaks and interchro-
mosomal recombination. However, it should be pointed
out that the data showing that loss of APC function can
elicit CIN were obtained in mouse embryonic stem (ES)
cells, a cellular type in which p53 checkpoint pathways are
compromised by factors affecting p53 nuclear localiza-
tion and by loss of downstream cell-cycle arrest factors115.
In differentiated cell types, mutations in APC might not
suffice to determine chromosomal instability without the
synergistic cooperation of mutations in other genes.
Notably, the mouse Apc1638T mutation truncates the C ter-
minus of APC that is responsible for its CIN-related func-
tion, without affecting the β-catenin regulatory motifs. It
is, therefore, important to dissect the role of the two
domains in tumour initiation and progression80.
Homozygous Apc1638T ES cells are CIN4. However, the
corresponding mice are viable and tumour free, which
underscores the importance of the selective advantage
provided by loss of β-catenin control in tumour for-
mation, and argues against the ability of chromosomal
instability to initiate the neoplastic process4,80.

Darwinian selection versus genetic instability
A general picture is emerging from the analysis of the
essential roles of the WNT signal transduction path-
way in providing selective advantage to the nascent
tumour cell, and of genetic instability to ensure
tumour progression and malignant transformation:
the APC gene, because it encompasses both functions,
has a central, initiating and promoting role in colorec-
tal cancer. Its inactivation, and the resulting constitu-
tive activation of the WNT pathway, provides a strong
selective advantage by affecting cell proliferation,
migration, apoptosis, and, possibly, differentiation of
the intestinal stem cell. Subsequently, mutation of
KRAS or another synergistic event might allow the
mutant APC to induce CIN and accelerate tumour
progression along the adenoma–carcinoma sequence.

Several genetic studies in humans and mice have
shown that selection of specific APC mutations is based
on the growth advantage that they provide to the
tumour cell. Specific APC genotypes (the combination
of the two hits in both alleles) are selected during
tumour formation, based on the specific level of residual
β-catenin regulating activity that they can still exert. This

Microtubules

Centrosome KinetochoreEB1

Centrosome Kinetochore

Microtubules

a  Wild-type cells

b  Apc-mutant cells

APC

EB1APC

Figure 5 | The mitotic spindle in relation to APC and CIN.
a | In APC wild-type cells, APC accumulates at the
kinetochore, where it may facilitate the binding of spindle
microtubules to the kinetochore by interacting with the
microtubule-associated protein EB1. b | In cells that express a
truncated form of APC, the interaction between kinetochores
and spindle microtubules is disrupted, leading to chromosomal
instability (CIN). APC, adenomatous polyposis coli.
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with a selective advantage, allowing the initial clonal
expansion.At this stage, CIN caused by loss of the C-ter-
minal functional motifs of APC is either latent or of low
penetrance, owing to surveillance by the cell-cycle and
mitotic checkpoint machinery. The early activation of
the KRAS and MYC oncogenes triggers CIN and the
subsequent allelic imbalances in chromosomes 17p and
18q. Additional synergisms between APC and other
tumour-suppressor genes in eliciting aneuploidy and
CIN will progressively lead to malignant transformation
and metastasis. Hence, the combined signalling and
genetic stability functions make APC a true gatekeeper,
inactivation of which provides the intestinal cell with a
growth-selective advantage and genetic instability that
are ‘just right’ to successfully trigger tumorigenesis.

MIN versus CIN tumours
The above model for APC-driven tumorigenesis is sup-
ported, rather than contrasted, by the analysis of the
DNA mismatch-repair tumour suppressor genes that are
involved in hereditary and sporadic colorectal cancer.
Hereditary non-polyposis colorectal cancer (HNPCC) is
the main inherited predisposition to colorectal cancer
and is caused by germ-line mutations of MMR genes,
namely MSH2, MLH1, MSH6 and PMS2 (REF. 133).
HNPCC tumours are invariably MIN, and this has been
an essential element of the ‘mutator phenotype’ theory,
according to which an increased mutation rate underlies
tumorigenesis, even in the absence of a selective advan-
tage. However, MMR-deficient cells have been shown to
be resistant to mutagens through alteration of their apop-
totic response, which could represent an obvious selective
advantage134,135. Recent studies from Rick Fishel and col-
leagues136,137 have suggested a signalling role for MMR
based on an ‘A-protein’ molecular switch, similar to the
classical G-protein molecular switch in the KRAS onco-
gene. In this scenario, mismatched nucleotides provoke
exchange of ADP for ATP and conformational transitions
that allow the MMR complexes to complex with DNA
and exert their repair function. Locally high concentra-
tions of ATP-bound MMR complexes might signal
directly to the apoptotic machinery as the result of exces-
sive DNA damage134. MSH2 and MSH6 also associate
with other tumour- suppressor and DNA-damage-repair
proteins in a large complex named BASC (BRCA1-asso-
ciated genome surveillance complex), which presumably
functions as a sensor for DNA damage138. The concept of
MMR signalling is reminiscent of the dual role of APC.
MMR inactivation desensitizes the intestinal cell to DNA-
damage-induced apoptosis, allowing initial clonal expan-
sion. The mutator phenotype will then progressively lead
to accumulation of additional somatic mutations, there-
by underlying tumour progression137,139.

Loss of mismatch-repair function seems to counter-
act CIN, as many MIN cell lines are near-diploid even
in the presence of APC and TP53 mutations140.
However, overexpression of the C-terminal EB1-bind-
ing domain of APC conferred chromosomal instability
in a near-diploid MIN colorectal cancer cell line by
inducing spindle abnormalities similar to those
observed in Apc-mutant ES cells4,5.

that the growth-suppressor activity of E-cadherin is
adhesion independent and results from inhibition of
the β-catenin/TCF signalling pathway, and that loss of
E-cadherin expression can contribute to upregulation
of this pathway in human cancers118,119.

An important issue in the current discussion on the
role of selection versus genetic instability in colorectal
cancer is the stage at which CIN originates. Does
genetic instability precede mutations at rate-limiting
oncogenes and tumour-suppressor genes, or does it
simply underlie tumour progression? Several studies
have shown that genetic instability, measured as ALLELIC

IMBALANCES in specific chromosomal regions, occurs at
very early stages of tumorigenesis43–45,47. The question
then arises as to whether loss of APC function can elic-
it CIN from the start of tumour formation, or whether
additional synergistic mutations are required.

Several of the oncogenes and tumour-suppressor
genes known to be altered along the adenoma–carcino-
ma sequence cooperate in promoting genomic instabili-
ty, and might be synergistic partners of APC in eliciting
CIN. In the nascent tumour cell, APC-driven chromo-
somal instability is likely to be suppressed by the cell-
cycle and mitotic checkpoint machinery. Both the high
incidence of KRAS mutations in ACF and early adeno-
mas, and the presence of chromosomal instability at
early stages of the adenoma–carcinoma sequence, sup-
port a role for this oncogene in genetic instability.
Several previous studies have reported a strong correla-
tion between KRAS mutations and aneuploidiza-
tion120–123. At the molecular level, KRAS may induce
genomic instability via the mitogen-activated protein
kinase (MAPK) pathway and/or by affecting G1 and
G2/M cell-cycle transit times and apoptosis124,125.
Moreover, KRAS activation also affects MDM2 tran-
scriptional regulation, accounting for the observation
that cells transformed by KRAS are more resistant to
DNA-damage-induced, p53-dependent apoptosis126.

At later progression stages, mutations and LOH in the
other known members of the adenoma–carcinoma path-
way, such as p53, members of the TGF-β pathway, and
even MYC, are likely to cooperate progressively with APC
to promote and enhance CIN42,127–131. So, CIN will allow a
stepwise malignant progression through a gradual
increase of numerical and structural chromosomal
rearrangements. Notably, Samowitz et al.132 have reported
that small adenomas with β-catenin mutations do not
seem to be as likely to progress to larger adenomas and
invasive carcinomas as adenomas with APC mutations.
This indicates that although tumour initiation either by
loss of APC or by oncogenic β-catenin mutations is func-
tionally equivalent (by constitutive activation of the
WNT signalling pathway), inactivation of the additional
APC functions in chromosomal stability — namely the
ability to capture kinetochores and stabilize the centro-
some during the establishment of the mitotic spindle —
underlies malignant progression in the colorectum.

We propose that the multifunctional nature of APC
confers a rate-limiting role in tumour initiation and pro-
gression to this colorectal cancer suppressor gene. Loss of
β-catenin regulation by APC provides the intestinal cell

ALLELIC IMBALANCE

The hallmark of chromosomal
instability at the molecular
level, representing losses or
gains of specific chromosomal
regions.
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genes can provide the cell with the selective growth
advantage as well as the genetic instability necessary to
allow tumour initiation and progression.

How does the above notion affect our diagnostic and
therapeutic approach to colorectal cancer? The elucida-
tion of the molecular and cellular mechanisms underly-
ing APC-driven tumorigenesis will point out which cel-
lular functions (proliferation, apoptosis, cell migration
and differentiation) are affected and how specific gene-
expression profiles are associated with poor clinical
prognosis.Also, the identification of downstream targets
of the WNT/β-catenin pathway will open the way for
‘tailor-made’preventive and therapeutic intervention.

Conclusions
Over the last two decades, we have witnessed several
important breakthroughs in understanding the molecu-
lar basis of colorectal cancer. Mutations in the APC
gene, because of its multifunctional nature, make an
important contribution to tumour initiation and pro-
gression in the large bowel. Likewise, the DNA mis-
match-repair genes and many other tumour-suscepti-
bility genes encode multifunctional proteins. The
proposed gatekeeper–caretaker distinction for cancer
genes141 might need one main adjustment: the true can-
cer gatekeepers are those genes that have both gatekeep-
ing and caretaking functions. When mutated, these
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Online links

DATABASES
The following terms in this article are linked online to: 
Flybase: http://flybase.bio.indiana.edu/
Armadillo
InterPro: www.ebi.ac.uk/interpro/
F-box
LocusLink: www.ncbi.nlm.nih.gov/LocusLink/
APC | Apc | axin | BRCA1 | BUB1 | cadherin | E-cadherin | 
β-catenin | CD44 | conductin | cyclin D1 | Dishevelled | EB/RP |
EB1 | Frizzled | GSK3β | Groucho | KRAS | LRP6 | MAPK |
matrilysin | MDM2 | MLH1 | MSH2 | MSH6 | MYC | PMS2 |
SMAD2 | SMAD4 | TCF4 | Tcf4  | TGF-β | TP53 | βTrCP |
urokinase-type plasminogen activator receptor | WNT
OMIM:http://www.ncbi.nlm.nih.gov/Omim/
FAP | HNPCC
Saccharomyces Genome Database: http://genome-
www.stanford.edu/Saccharomyces
Bim1 | Mal3

FURTHER INFORMATION 
APC Mutation Database:
http://perso.curie.fr/Thierry.Soussi/APC.html
The Hopkins hereditary colon cancer web site:
http://www.hopkins-
coloncancer.org/subspecialties/heredicolor_cancer/overview.
htm
IARC Unit of Descriptive Epidemiology information:
http://www-dep.iarc.fr
The Internet Pathology Laboratory: http://www-
medlib.med.utah.edu/WebPath/webpath.html
Roel Nusse’s Wnt web site:
http://www.stanford.edu/~rnusse/pathways/targets.html
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