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Growth control mechanisms in normal
and transformed intestinal cells

Antony W. Burgess
Ludwig Institute for Cancer Research, Melbourne 3050, Australia (burgess@ludwig.edu.au)

The cells populating the intestinal crypts are part of a dynamic tissue system which involves the self-
renewal of stem cells, a commitment to proliferation, lineage-speci¢c di¡erentiation, movement and cell
death. Our knowledge of these processes is limited, but even now there are important clues to the nature
of the regulatory systems, and these clues are leading to a better understanding of intestinal cancers. Few
intestinal-speci¢c markers have been described; however, homeobox genes such as cdx-2 appear to be
important for morphogenic events in the intestine. There are several intestinal cell surface proteins such
as the A33 antigen which have been used as targets for immunotherapy. Many regulatory cytokines
(lymphokines or growth factors) in£uence intestinal development: enteroglucagon, IL-2, FGF, EGF
family members. In conjunction with cell^cell contact and/or ECM, these cytokines lead to speci¢c di¡er-
entiation signals. Although the tissue distribution of mitogens such as EGF, TGFa, amphiregulin,
betacellulin, HB-EGF and cripto have been studied in detail, the physiological roles of these proteins
have been di¤cult to determine. Clearly, these mitogens and the corresponding receptors are involved in
the maintenance and progression of the tumorigenic state. The interactions between mitogenic, tumour
suppressor and oncogenic systems are complex, but the tumorigenic e¡ects of multiple lesions in intestinal
carcinomas involve synergistic actions from lesions in these di¡erent systems.Together, the truncation of apc
and activation of the ras oncogene are su¤cient to induce colon tumorigenesis. If we are to improve cancer
therapy, it is imperative that we discover the biological signi¢cance of these interactions, in particular the
e¡ects on cell division, movement and survival.

Keywords: growth factors; intestinal biology; colon cancer; oncogenes

1. INTRODUCTION

The intestinal mucosal cells are produced continuously at
a rapid rate (Altmann & Enesco 1967) and all of the cells
come from the proliferative/di¡erentiative units, the indi-
vidual crypts. In the small intestine, cells are produced in
the crypt and migrate to the villus before dying and shed-
ding into the lumen. In the large intestine (colon), cells at
the top of the crypt die and shed directly into the lumen.
There are four major intestinal cell types: columnar cells
(almost 90% of the villus population), mucous (goblet)
cells, enteroendocrine cells and Paneth cells (at the base
of the crypt) (Le Blond & Cheng 1976). Each crypt arises
from a single, embryonic, intestinal stem cell, and both
mutational and genetic analysis indicate that a single,
multipotential, `self-renewing' stem cell can give rise to all
cell types in the crypt or villus (Gordon et al. 1992).

There is a large turnover of cells in each crypt; the
transit time from `stem' cell to di¡erentiated villus (or
colonic) cell is only 2^3 days (Wright & Irwin 1982;
Schmidt et al. 1985). A single stem cell generates a set of
ca. 150 transitional cells that mature and divide to form
ca. 600 functional cells at the top of the crypt and the
villus. Di¡erentiation, proliferation and death are topo-
graphically constrained; thus, at the base of the crypt few
cells divide, whereas the bottom third contains the
majority of dividing cells (the proliferative zone), and
dying cells are usually only found at the top of the crypt

or the tip of the villus. Migration of cells within the crypt
is bi-directional; while most cells migrate from the bottom
to the top of the crypt, Paneth cells migrate from the
proliferative zone towards the base of the crypt (Cheng &
Le Blond 1974). Paneth cells remain at the base of the crypt
for up to four weeks.

The factors determining proliferation, di¡erentiation,
migration and the direction of migration are understood
poorly. However, this process is undoubtedly in£uenced
by several biochemical systems, including cell surface
adhesion proteins (e.g. cadherins and integrins), chemo-
tactic (morphogenetic) gradients, extracellular matrix
(ECM) and growth factors/cytokines and their receptors.
All of these systems are extraordinarily complex and
undoubtedly interact strongly. If we are to understand
either normal intestinal cell production or the processes
of colonic tumorigenesis, it is important to improve our
understanding of the role of each system in the intestinal
mucosa. At present our knowledge and ability to analyse
the molecules or biology of intestinal cells is limited.

One of the major limitations associated with a study of
intestinal cell production is our inability to culture either
intestinal stem cells or committed cells so that they will
produce mature progeny on a medium-term (from 24 h
to 4 days) or long-term (from 4 days to 14 days) basis. As
soon as intestinal cells are removed from the animal,
apoptosis is initiated (Friedman et al. 1984; Whitehead &
Van Eeden 1991). At present this cell death is di¤cult to

Phil.Trans. R. Soc. Lond. B (1998) 353, 903^909 903 & 1998 The Royal Society

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/


control, and there are no known ECM components or
growth factors that can be assigned con¢dently to a role
in the physiology of intestinal cell production. Of course,
there are many factors that impinge on intestinal cellu-
larity, the rate of cell production and/or the rate of cell
death in the intestinal mucosa of an animal (Potten 1997).
Dietary changes (i.e. cellulose content) can induce
profound hyperplastic responses (Konishi et al. 1984);
indeed, the movement of faecal matter through the intes-
tine is important for maintaining mucosal cellularity
(Foster & Whitehead 1990). It is still not clear whether
lumenal nutrition, physical distention or lymphoid
antigen interactions are primary determinants of crypt or
villus cellularity. Hormonal changes have occasionally
been reported which suggest particular roles for peptide
hormones such as enteroglucon (Gleeson et al. 1971). Cyto-
kines such as epidermal growth factor (EGF) and other
small peptides can in£uence intestinal cell production
(Dignass et al. 1996; Park et al. 1997), but determining
whether these e¡ects are direct or indirect (via another
hormonal cell system) has proved to be a di¤cult
problem. There are several physiological and `patholo-
gical' situations that lead to profound changes in the
cellularity of the intestinal mucosaöfor example, lacta-
tion (Prieto et al. 1994), adaption after surgery and
colitisöbut still no causative agent(s) has been identi¢ed
which is responsible for the changes in cell production. In
situations where there is intestinal damage, unusual di¡er-
entiation and special cell types can arise owing to the local
release of peptide hormones (Otto et al. 1996). Similarly,
when intestinal lymphocytes are activated by lumen anti-
gens (or bacteria), cells such as intestinal M-cells can be
induced by lymphokines (Kernëis et al. 1997). However,
our understanding of cell production in the normal intes-
tine is far from satisfactory, and until this situation
improves we are unlikely to make signi¢cant progress
with the biological treatment of intestinal proliferative
diseases. Many of the di¤culties may be associated with
the complex processes occurring in each crypt. In parti-
cular, the relationship between cell adhesion to matrix
(or other cells) and the proliferative/di¡erentiative poten-
tial of the cells requires further analysis. Even colonic
tumour cell lines require growth factors, adhesion and
cell^cell contact to survive and/or di¡erentiate.

Clearly, there are spatial (morphogenic) gradients along
the intestinal axis (e.g. villus height diminishes as the
distance from the duodenum increases) (Hermiston &
Gordon 1993). The establishment of these morphogenic
gradients appear to occur during embryogenesis, and
they provide an extraordinary opportunity for studying
the genes responsible for these gradients (Hermiston &
Gordon 1993). Similarly, the epithelial di¡erentiation is
dependent on interactions with lymphoid (Kernëis et al.
1997), ¢broblastic and endothelial cells. Indeed, the inter-
actions between the di¡erent cell types hold the key to
many of the intestinal pathologies (including cancer).
Therefore, it is critical that the molecular basis for cell^
cell communication is determined.

We are now in an era of transgenesis, which allows the
delivery andcontrol of growth factors, receptors, cadherins,
signalling proteins, apoptotic inhibitors and cell cycle regu-
lators to speci¢c intestinal cells. Unfortunately, the number
of promoter systems suitable for intestinal speci¢c delivery

is limited. Studies have already commenced with the
promoters from the fatty acid binding protein (Cohen et al.
1992) and ileal lipid binding protein genes.These intestinal
promoters are usually expressed in mature intestinal cells
but the genes need to be delivered to the proliferative (or
stem cell) compartment, otherwise expression will be lost
quickly. Some intestinal cell lines have been isolated by
expressing the SV40 large T-antigen under an interferon-
inducible promoter (Moyer & Aust 1984; Jat et al. 1991;
Whitehead et al. 1993), but transgenic models of intestinal
neoplasia have been elusive (Hermiston & Gordon1993).

Fortunately, a spontaneous mutation to the mouse apc
gene (the min) has allowed a number of interesting studies
on the evolution of tumorigenic changes associated with
intestinal polyposis (Moser et al. 1992). The identi¢cation
of apc, and the high frequency of mutations of this gene in
colon cancer (Gordon et al. 1991; Laken et al. 1997), has
provided an important opportunity to probe the biological
processes essential to the development of intestinal cancer.
The apc molecule has a number of functional domains
that, via adapter proteins such as b-catenin, link it to the
EGF receptor (Takahasi et al. 1997), the adhesion protein
system (Barth et al. 1997), the cytoskeleton (Ben-Ze-ev
1997), and transcriptional control systems (Anon 1997).
Normally, apc controls the levels of b-catenin in cells
(Munemitsu et al. 1995). In apc7/7 cells, b-catenin levels
rise and, consequently, several signalling systems including
cell adhesion/motility are a¡ected. Apc localizes at the
leading edge of migrating cells (Nathke et al. 1996) and,
once mutated, apc7/7 cells appear to accumulate in the
upper portion of the crypt rather than moving on to the
villus (Polakis 1997).

The ¢rst mutations associated with familial colon cancer
were the apc defects, but more recently, mutations in DNA
repair enzymes have been identi¢ed as causes of inherited
non-polyposis colon cancer (Van de Water et al. 1994;
Marra & Boland 1995; Kolodner 1996; Liu et al. 1996).
These latter defects allow other mutations to accumulate,
which eventually result in the malignant phenotype. In
both diseases, the progression from normal mucosa to
carcinoma is associated with early dysplastic changes of
the crypt morphology. Hyperplastic changes occur at a
later point in the progression. The dysplasia results from
changes in cell shape, attachment and internal architectural
rather than increased cellularity or rates of mitosis.

Oncogenic activation of the ras protein occurs with high
frequency in colon cancer (Bos et al. 1987). Although ras
mutations can lead to growth factor secretion, there are
also changes in the cell architecture, adhesion, motility
and survival characteristics of the cells. It may well be
that the primary, causative, oncogenic events are more to
do with cell movement, positioning and survival than the
stimulation of the proliferative state. In the normal
mucosa, mitosis occurs at a rapid rate; this rate of cell
cycling is hardly changed in dysplasia, adenomas or carci-
nomas. More cells in the upper portion of the crypts in
carcinomas appear to be capable of undergoing mitosis;
however, this may be related to changes and increase in
the ability of these cells to survive, rather than a change
in the stimulation or responsiveness of the cells.

If we are to improve our ability to control cancer cells, it
is essential that we not only identify the genetic lesions, but
that we also understand the biological/biochemical
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implications of these mutations. Changes in autocrine
growth factor production, receptor activation, signalling
and transcription impinge on multiple biological
processes. We need to identify the molecular/cellular
changes that are critical for movement, location, survival
and proliferation and attempt to manipulate these
processes separately. Once we are con¢dent of the biolo-
gical processes critical for oncogenesis, selective therapy
(whether by drugs, peptides, signalling inhibitors or
genes) can be devised and delivered to the cancer cells.

2. INTESTINAL CELL BIOLOGY

There are now several interesting mouse models for
studying cell production and transformation in mice. First,
as mentioned earlier, the min+/7 mouse carries a mutation
in the apc gene, which results in adenomatous polyposis.
Second, the transgenic promoter of fatty acid binding
protein (Fabpi) has been used to express both reporter and
functional genes in the intestinal mucosa. Third, a targeted
disruption of one copy of the Cdx-2 homeobox gene induces
polyp formation (Chawengsaksophak et al. 1997). Finally,
and most recently, a cre-lox system has been developed
which allows disruption of the apc gene in adult mice
(Shibata et al. 1997).

3. INTESTINAL-SPECIFIC PROMOTERSÐFabpi

The studies with the Fabpi reporter promoter have
allowed more detailed examination of crypt formation
and interactions. In particular, the patterns of expression
of Fabpi transgenes indicate that although individual
crypts are monoclonal, crypts within a particular vicinity
of the intestine are derived from the descendants of single
active stem cells (Cohn et al. 1991), whether by seeding of
individual crypts with the progenitor cells or through
multiple crypt ¢ssion. It appears that in particular
patches of the intestine, the stem cells may have local char-
acteristics that dictate their di¡erentiation and/or
replacement patterns. In the colons of the Fabpi transgenic
mice, the expression of the transgene occurs in these local
patches, but after 2^3 months the expression is extin-
guished, presumably owing to the coordinated
replacement of èxtinguished' stem cells. It is not clear
how these stem cells are `replaced': by changes in stem
cell gene expression or replacement of the stem cells from
a quiescent pool or from the proliferative zone.

The Fabpi promoter has been used to express the SV40
largeT-antigen (largeTAg) (Hauft et al. 1992). This antigen
binds to p53 and, as a consequence, usually leads to uncon-
trolled proliferation.When largeTAg is expressed on villus-
associated intestinal cells, it is possible to stimulate these
mature cells back into a cycling state. However, this trans-
gene does not appear to predispose the mice to
adenocarcinoma. An interesting variation on this trans-
genic system has been developed with a temperature-
sensitive version of the large TAg (TAgts) (Jat et al. 1991;
Whitehead et al. 1993). This gene has been expressed
under the in£uence of an H2 promoter and, consequently,
production can be induced using interferon. In mice, the
TAgts is inactive (and/or degraded) and therefore does not
in£uence cell production, di¡erentiation or survival.
However, when tissues are removed and placed in culture

at 35 8C in the presence of interferon, the T Agts is
expressed and activated: cell lines grow out from most
epithelial tissues, including the colon. The cell lines prolif-
erate unless the temperature is raised above 39 8C, where
theTAgts is inactivated. Under these conditions the cells
stop proliferating and undergo a rapid apoptotic cell
death; consequently, it has been di¤cult to induce these
cells to di¡erentiate. The cells express low levels of brush-
border peptidases that can be modulated by sodium buty-
rate. The cells express cytokeratins and, in low levels of
serum, EGFor bFGF, stimulate DNA synthesis (Whitehead
et al. 1993).

4. `CAUDAL-LIKE'

Studies in Drosophila revealed the expression of the
caudal homeobox gene product in the posterior midgut
and hind gut (Mlodzik et al. 1985). The ¢rst mouse homo-
logue of caudal was called Cdx-1 (Duprey et al. 1988) and
its expression appeared to be restricted to the intestine.
Disruption of the Cdx-1gene leads to skeletal abnormalities
(Subramanian et al. 1995). Another caudal homologue,
Cdx-2 (James et al. 1994), is expressed in the colon and the
rectum. Cdx-2 is expressed in most cells of the colon, but
the Cdx-2 mRNA is most abundant at the bottom of
crypts. When Cdx-2 is expressed in the undi¡erentiated
intestinal cell line (IEC-6), columnar cells with distinct
morphological characteristics (including microvilli) are
induced (Suh & Traber 1996).

Cdx-27/7 mice die early in embryogenesis. However,
heterozygote Cdx-2+/7 mice are born with a homeotic
shift of vertebrae and malformation of ribs (Chawengsak-
sophak et al. 1997). Within 12 weeks of birth, the
heterozygotes develop intestinal polyps that occasionally
contain areas of metaplasia. The polyps appear to have
lost all Cdx-2 expression.

The expression of Cdx-2 is reduced in advanced colonic
carcinomas (Mallo et al. 1997), and it will be interesting to
determine whether mutations at this locus are associated
with any forms of human polyposis. There are sequences in
the Cdx-2 promoter which suggest that its expression may be
regulated by the b-catenin/Tcf-4 complex.Thus, when apc is
mutated, Cdx-2 could be induced, leading to profound
morphological e¡ects on the intestinal mucosa. Mesench-
ymal^epithelial interactions, which induce colonic cell
di¡erentiation, also reduce the levels of Cdx-2. The role of
Cdx-2 in determining cell migration and location during the
development of the intestine deserves detailed analysis.
Furthermore, the tissue speci¢city of the Cdx-2 promoter
shouldbe useful for targeting gene expression to the intestine.

5. LYMPHOKINES

Lymphoid cells in£uence cell production of intestinal
cells. In animals, the mucosal-associated lymphoid tissue
is separated from the lumen by the epithelial cells. One
specialized cell (the M-cell) transports microorganisms to
Peyer's patches (Kernëis et al. 1997). It is now possible to
convert human Caco-2 cells to M-cells by culturing in
the presence of mouse lymphoid cells. The induction of
di¡erentiation appears to involve both soluble factors and
cell contact. Although the lymphoid factors responsible for
this di¡erentiation induction have yet to be identi¢ed,
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lymphokines such as IL-2, IL-4, IL-10 and IL-11 are also
known to in£uence mucosal cellularity (Nielsen et al. 1996;
Potten 1996; Fritsch et al. 1997; Ludviksson et al. 1997).

6. EGF-LIKE MITOGENS

Several growth factors and cytokines have been shown
to in£uence both normal and neoplastic intestinal tissue.
Small intestinal hyperplasia has been reported for patients
with tumours that express enteroglucagon (Gleeson et al.
1971); however, a direct e¡ect on the intestinal cells has
been di¤cult to prove. A similar problem confounds the
analysis of the action of members of the epidermal
growth factor (EGF) family (Dignass et al. 1996; Perk et
al. 1997). Clearly, when EGF is injected into rodents or
humans the intestinal mucosal cellularity increases. There
is no e¡ect when EGF is delivered through the lumen.
There are EGF receptors on the basolateral surface of
intestinal cells; however, indirect e¡ects on other organs
have made it di¤cult to determine that EGF is in£uencing
the intestinal cells directly. The presence of transforming
growth factor-a (TGFa) throughout the intestinal tract
(Cartlidge & Elder 1989) (and the absence of EGF) led
to suggestions thatTGFa was a normal physiological regu-
lator of intestinal cell production. However, mice lacking
TGFa have normal intestinal mucosa (Mann et al. 1993).
There are a number of EGF-like mitogens in the gut:
amphiregulin, heparin binding EGF, cripto, heregulins
and betacellulin. Although there is some evidence of
tissue preferences (e.g. betacellulin is present in the
pancreas (Seno et al. 1996) and cripto is associated with
the colon (Saeki et al. 1992)), we still do not know
whether any (or all) of these EGF family members regu-
late speci¢c aspects of normal intestinal cell production,
di¡erentiation, movement or survival.

As well as multiple EGF-like mitogens, there are at least
four EGF receptor family members: EGFR, erbB2 (also
called neu or her-2), erbB3 and erbB4 (Riese et al. 1996).
Because these family members heterodimerize, ten di¡erent
dimers can form and are likely to bind distinctly di¡erent
EGF-like molecules and to deliver di¡erent signalling
outcomes when activated. Betacellulin binds to both EGFR
and erbB4 homodimers and activates a di¡erent pattern of
receptor phosphorylation to EGF. Although the three-
dimensional structure of the mitogenic domain of cripto is
similar to that of EGF, cripto does not compete with EGF
for binding to the EGFR (Brandt et al. 1994). Clearly, cripto
is a mitogen for a number of epithelial cell lines, suggesting
that it binds to a distinct cell surface receptor. Its interac-
tions with the EGFR family members and its e¡ects in vivo
need to be examined in more detail.

Attempts to identify physiological regulators of normal
intestinal cell production have been constrained by the di¤-
culties in keeping intestinal stem or progenitor cells alive in
culture. As a consequence, cell lines have been used as assay
systems for putative normal regulators of colonic growth or
for the detection of autocrine growth factors that might
contribute the malignant properties of the neoplastic cells.
We have used a cell line derived from a human colonic
tumour, LIM1215, to characterize the mitogens in mucosal
or pituitary extracts (Whitehead et al. 1990). Under the
appropriate assay conditions, LIM1215 cells respond to
EGForTGFa.We identi¢ed an extended form of basic ¢bro-

blast growth factor (bFGF), which stimulated LIM1215
proliferation (Nice et al. 1991). Although the extracts
contain other mitogens, we have not been able to identify
these as yet. FGF has been shown to stimulate crypt hyper-
plasia when applied to the apical surface of the colonic
mucosa (Edwards & Whitehead 1995).

AlthoughTGFa is not essential for cell production in the
normal intestine, most carcinoma cell lines produce auto-
crine TGFa. At high cell density this TGFa stimulates
proliferation, and either antisense TGFa oligonucleotides
and/or EGFR antibodies will inhibit the proliferation of
LIM1215 cells in culture (Sizeland & Burgess 1992). These
results are typical of dozens of mammalian carcinoma cell
lines and suggest that neoplastic, but not normal epithelial
progenitor cells, require TGFa for their survival and/or
proliferation. Consequently, TGFa antagonists or EGFR
inhibitors might prove to be highly e¡ective anti-cancer
agents. At low density, LIM1215 cells will not respond to
TGFa, but they do proliferate in the presence of condi-
tioned medium (CM) from high-density LIM1215 cells.
Fractionation of the CM revealed two other factors impor-
tant for the stimulation of the low-density LIM1215 cells: a
survival factor (lowmolecular mass) and a spreading factor
that acted in conjunctionwith EGF to induce the spreading
of LIM1215 cells. This latter factor appears to be an extra-
cellular matrix component, as it can be applied to the
culture dishes before the cells are plated or it can be
included in the culture medium at the time of the assay (N.
Pouliot and A.W. Burgess, unpublished data). Neither the
survival factor nor the spreading factor has been fully char-
acterized as yet, but there is clearly a synergy between the
EGF/EGFR system and cell adhesion activation.

Others have also observed apoptotic cell death when
adenomas are cultured at low cell density. If cell^cell
contact is maintained, the cells are more resistant to
death; however, single cell death is rapid and appears to
be associated with a decrease in c-myc production
(Hague et al. 1997). In this culture system, neither p53 nor
apc mutations in£uenced apoptosis when the cell^cell
contacts were removed. Insulin-like growth factor and
EGF are able to protect the cells from apoptosis, but the
role of integrins and ECM components in promoting cell
survival have yet to be investigated.

7. APC AND TUMOUR PROGRESSION

Genetic analysis of colonic tumours has identi¢ed a
common pathway for progression from normal to
neoplastic tissue. One of the earliest events is associated
with the inactivation of the apc gene; this is often followed
by the activation of ras and the loss of p53. In the absence of
apc defects, p53 and ras appear to induce intestinal hyper-
plasia, but no adenomas.Thus mutation of the apc protein
is an important, common step in the development of
adenomatous polyps and, presumably, cancer. apc is a
large protein (more than 2800 amino acids) with many
distinct domains. However, most cancerous mutations
involve premature chain termination and loss of the C-
terminal half of the apc protein. Familial apc defects are
inherited from heterozygous parents; homozygous apc
mutants are lethal and die very early in the gestation
period. The intestinal mucosa of individuals heterozygous
at the apc locus appears susceptible to further genetic
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mutations. Polyps appear in the intestines of mice hetero-
zygous for the apc+/7 protein after 40^60 days (Moser et
al. 1992). In all cases of adenomatous polyp formation in
the min mice the second apc allele is lost. It appears that
the truncated apc increases the susceptibility for cells to
the loss of heterozygosity. Once this occurs, polyp forma-
tion follows within a few weeks. Crossing the min (apc+/7)
mice with p537/7 only leads to a modest increase in intest-
inal adenomas, although these mice are now more
susceptible to pancreatic cancers.
By crossing the min (apc+/7) mice with immortomice

(largeTAgts) it has been possible to derive colonic cell lines
which carry the apc mutation (Whitehead & Joseph 1994).
The in vitro growth kinetics and tumorigenicity of the min
cell lines (called IMCE) are identical to the parental
colonic cell lines (called YAMC). Neither IMCE nor
YAMC cells are tumorigenic in nude mice. Interestingly,
when IMCE cells are transfected with oncogenic ras they
become tumorigenic (D'Abaco et al. 1996), whereas
YAMC cells expressing oncogenic ras do not transform to
malignant cells. Thus, it appears that despite the modest
changes to adherent cell growth, a reduction in apc levels
or the presence of the mutated (truncated) form of apc
allows oncogenic ras to induce the tumorigenic state. This
is manifested by the ability of IMCE-ras cells to grow as
large colonies in soft agar and by the formation of
tumours in nude mice.

Adenoma formation in min mice is associated with the
loss of the wild-type allele (Luongo et al. 1994). This
usually occurs at a signi¢cant rate after 8^10 weeks, i.e.
when polyps can be detected. In humans who carry apc
mutations, the ¢rst polyps do not usually appear until the
late teenage years. Does this mean that other genetic
changes must also occur before the adenomas can
develop? An elegant mouse model of the FAP syndrome
has been developed by Tetsuo Noda and his colleagues
(Shibata et al. 1997) to study the relationship between
polyp formation and the loss of wild-type apc. A condi-
tional targeting system was designed which allowed the
apc7/7 mutations to be produced speci¢cally in the colo-
rectal mucosa. Lox P sites were inserted into the introns
around Apc exon 14. Embryonic stem (ES) cells carrying
the mutant form of the Apc gene (Apc580S) were introduced
into mouse blastocysts to produce mice carrying theApc580S

mutation.The chimeric mice were bred to produce a strain
homozygous for Apc580S. These mice were normal and
showed no propensity for the development of intestinal
tumours.

A Cre recombinase gene was introduced into an adeno-
viral vector (AxSRaCre). This vector was able to infect
the Apc580S cells and to remove exon 14 from the mutant
Apc gene. These mutant ES cells give rise to mice that
develop multiple intestinal neoplasias. A similar Cre
adenovirus was introduced into the colorectum of Apc580S

homozygote mice. Ademonas developed in 80% of the
mice infected with the Cre virus. These adenomas
appeared within 14 weeks of introducing the virus. The
adenomas were highly vascular, but did not immediately
invade the submucosa. Some of the Apc580S mice infected
with the Cre virus were observed for 12 months: none
died of their adenomas, but 50% of the tumours had
developed into adenocarcinomas that were invading the
submucosal layer. It would appear that other mutations

must occur before the adenomas progress to a malignant
phenotype.

It is interesting to consider whether polyp formation
also requires other mutations. The adeno-Cre virus
infects 10^20% of the cells within the region of the injec-
tion, but relatively few adenomas develop. Either another
mutation is required, or only a small proportion of stem
cells is infected and/or able to express Cre from the serum
response promoter. Given the low frequency of stem cells,
it is likely that few are infected and that most apc7/7 stem
cells lead directly to polyps. The availability of this system
will allow detailed investigations of colonic stem cell
biology in vivo.

The details of biochemical and biological studies of the
apc proteinwill provide important information onboth cell
signallingandcarcinogenesis. ES cellswith an apc7/7 geno-
type appear to have adhesion defects during blastocyst
development. A major feature of the apc protein involves its
ability to bind and stimulate the degradation of b-catenin.
There are two series of b-catenin binding sites and the C-
terminal set is associatedwithbothbindingand degradation
of b-catenin.When these sequences are missing in apc, the
degradationofb-catenin is impairedandthe concentrations
increase (Anon 1997; Polakis 1997). Normally, b-catenin is
con¢ned to cell^cell junctions, but when the levels increase
it is present inboth the cytoplasmandthenucleus,where it is
knownto stimulate gene expression. Althoughother disrup-
tions occur when the C-terminus of apc is missing, it is
interesting that stabilizing mutations at the N-terminus of
b-catenin are also associatedwith colonic tumour formation
(Morin et al.1997; Rubinfeld et al.1997).
Analysis of the distribution of apc in epithelial cells

shows that there are concentrated clusters of the protein
at the inner edge of the migrating regions of the cell
membrane. Microtubules appear to be attached to the
apc clusters, and if the microtubular system is disrupted
(e.g. by nocodozole) the apc clusters disperse and the
protein appears to di¡use into the cytoplasm (Nathke et
al. 1996). When cell migration is stimulated by wound
healing or hepatocyte growth factor, again the apc
protein accumulates at the migratory edge of the cell.
The direct participation of apc in cell migration is consis-
tent with a disruption of cell movement at the top of the
colonic crypts.When adenomas form, the cells accumulate
rather than moving to the lumenal surface and dying.

It is essential that experimental systems are developed
that allow the interactions between the growth factor,
cytoskeletal, cadherin and apc systems to be studied in
detail. Only then will we be in a position to understand
the critical processes during the progression from normal
mucosa ! dysplastic crypts ! adenoma ! invasive
carcinoma. At present, the emphasis on alterations to
proliferative regulators dominates much of cancer
aetiology. However, evidence is mounting which suggests
more emphasis should be placed on understanding how
tumour suppressors or oncogenic mutations in£uence cell
movement and/or location.
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