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Abstract. Cancers of the intestine are amongst the most
frequent tumors in the Western countries. They arise
through the stepwise, progressive disruption of cellular
signalling cascades which control cell proliferation, sur-
vival and differentiation. The proto-oncogene K-ras func-
tions as an important molecular switch linking several of
these signalling pathways. Activating mutations of K-ras
are found in about 50% of colorectal cancers, but their

contribution to tumor initiation and progression is still
poorly understood. Murine models provide excellent op-
portunities to identify and define the roles of genes in-
volved in cancer formation and growth in the digestive
tract. In this review, [ will discuss the biological proper-
ties of oncogenic K-ras, its influence on cell signalling
and its role in colorectal tumorigenesis based on recently
established murine models.
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Introduction: The Genetic Basis of Colorectal Cancer

The self-renewing adult intestinal epithelium with its dis-
tinct crypt-villus units is an intriguing model for many
cellular processes such as cell differentiation, migration,
adhesion, cell lineage allocation as well as for the control
of cell number by proliferation and controlled cell death.
In addition to these fundamental biological processes,
outstanding interest arises from the important role of gas-
trointestinal neoplasia in human cancer. In fact, cancers
of the colon and rectum are amongst the most frequent tu-
mors in Europe and North America. More than 50% of
the population develop a colorectal tumor by the age of
70, which progresses to malignancy in 10% of the cases
[1]. The initiation and progression of cancer generally in-
volve multiple steps of genetic alterations, including the
loss of function of tumor suppressor genes and the acti-
vation of oncogenes [2, 3]. The cancer cells must acquire
specific capabilities like limitless replicative potential,
self-sufficiency in growth signals, escape from apoptosis,
tissue invasion and metastasis [3]. This review will con-

centrate on K-ras, an oncogene with strong transforming
potential that has been found to be misregulated in one-
third of all human cancers and 50 % of colorectal cancers
[4]. Ras proteins are central components in many signal
transduction cascades, and their malfunction has pro-
found consequences for cells, leading ultimately to tu-
morigenic transformation. Murine models are excellent
tools to test the implication of mutated genes in the for-
mation and growth of digestive tumors. Understanding of
the function of several tumor suppressor genes in the de-
velopment of colorectal cancer has greatly benefited
from mouse models in the case of APC (adenomatous
polyposis coli) and the Wnt signalling cascade [S—7]. The
role of the mismatch repair machinery in carcinogenesis
has also been investigated intensively [8, 9]. Inactivation
of the murine gene SMAD3, a component of the trans-
forming growth factor (TGF)-f signalling pathway, re-
sulted in colorectal cancer [10], whereas the tumorigenic
effects of a deletion of the catalytic subunit of phospho-
inositide 3-kinase are still under debate [11, 12]. How-
ever, modelling the role of oncogenes, in particular
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K-rasV?6, the most frequently mutated oncogene in
colorectal cancer, has proven to be difficult [13—15].
Although activating K-ras mutations are associated with
early-to-intermediate tumor stages, their tumorigenic ef-
fects are generally thought to develop only in the context
of a preexisting APC gene mutation [16]. However, the
long-standing view that the oncogenic effects of mutated
K-ras depend upon previous 4PC mutations in digestive
cancer has been challenged by several recent observa-
tions. In human tumors that arise in the small intestine,
ras is frequently mutated, whereas 4PC mutations are
very rare events [17]. A recent study on the mutational
status of aberrant crypt foci (putative precursor lesions of
colorectal cancer) demonstrated frequent K-ras muta-
tions, but no evidence for mutations in APC or its down-
stream target f-catenin was obtained [18]. In sporadic
colorectal carcinogenesis, as opposed to familial adeno-
matous polyposis (FAP), there seems to be a route where
K-ras mutations occur mainly during the formation of
aberrant crypt foci that then become adenomas where
further mutations (in APC, for example) occur [18]. The
question whether activated K-ras is able to induce intesti-
nal tumors or whether it depends on previous mutations
of the tumor suppressor gene APC is still open. In the
light of these findings, new murine models could help to
increase our knowledge of the in vivo consequences of
activating K-ras mutations. Several laboratories have re-
cently addressed these issues by generating new trans-
genic mouse models [19—-22]. I will discuss the roles of
normal and oncogenic Ras proteins in cellular signalling,
and I will attempt to compare the contribution of K-ras
mutations to tumorigenesis in the intestinal tract with re-
spect to other signalling pathways that are known to play
a major role in colorectal cancer, notably the APC/Wnt
pathway.

K-ras and the Ras family

The three different human ras genes (H-ras, N-ras and K-
ras) all share a high degree of sequence identity [23]. The
K-ras gene shows alternative splicing, producing the two
protein isoforms K-ras4A and K-ras4B, which show dif-
ferences in their type of membrane anchorage. The post-
translational processing of Ras proteins involves farnesy-
lation at a cysteine residue in the CAAX box (C = cys-
teine, A = aliphatic amino acid and X = methionine,
serine, leucine or glutamine), which is localized at their
C-terminus. After farnesylation, H-ras, N-ras and K-
ras4A proteins are further modified by palmitoylation on
cysteine residues close to the N-terminus. In the case of
K-ras4B, where no cysteine residues are present, a cluster
of positively charged lysine residues is thought to medi-
ate binding to the plasma membrane. The proteins TC21,
M-ras and R-ras, which are highly related to the classical
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members of the Ras family, may also have transforming
activity [24—-26]. The 21-kDa gene products of the Ras
family are all able to cycle between an active GTP
(guanosine triphosphate)-bound conformation and an in-
active GDP (guanosine diphosphate)-bound form. Under
normal conditions, quiescent cells have only 5% of their
total Ras proteins in the GTP-bound active state, as com-
pared with 50% upon mitogenic activation [27]. The
same holds true for unstimulated murine cells, where
GTP-Ras accounts for only 5—10% of the total Ras pro-
tein levels [28, 29]. Ras proteins are situated at the inner
face of the plasma membrane where they play an impor-
tant role as GTPase ‘switches’ in normal cellular sig-
nalling. They are activated by diverse extracellular sig-
nals, for example via growth factors such as epidermal
growth factor (EGF), and platelet-derived growth factor
(PDGF), or cytokines such as interleukin-2, and pass the
stimulating signal downstream via multiple effectors that
can interact synergistically [30]. A typical example for
the normal function of the GTP/GDP cycle of Ras is its
activation by EGF [31]. Upon binding of its ligand, the
epidermal growth factor receptor dimerizes and au-
tophosphorylates tyrosine residues in the cytoplasmic do-
main of the receptor. Adaptor proteins such as Grb2 then
bind to the phosphorylated tyrosine residues, and gener-
ate a link between the activated EGF receptor and guano-
sine nucleotide exchange factors (GEFs) like the protein
SOS (son of sevenless) [31]. The recruitment of the oth-
erwise cytosolic SOS to the plasma membrane allows it
to bind to Ras. Upon binding to SOS, Ras proteins un-
dergo a conformational change, allowing the exchange of
GDP for GTP. Ras is now activated and can pass the sig-
nal to its own downstream effectors. Several proteins
known as GTPase-activating proteins (GAPs) stimulate
the otherwise low intrinsic GTPase activity of Ras, con-
verting it back to the quiescent GDP-bound form. Onco-
genic mutations of ras reduce the intrinsic GTPase activ-
ity of Ras proteins; furthermore, they abolish the down-
regulation of Ras activity by GAPs [32]. Thus, oncogenic
Ras proteins are locked in the active, GTP-bound state
and are capable of constitutively activating their down-
stream effectors. Intriguingly, mutations in the ras genes
are not randomly distributed between the different iso-
forms, since the vast majority of mutations occur in K-
ras. The reason for this isoform specificity is still un-
known. It has been speculated that there might be subtle,
yet decisive, functional differences among the different
Ras isoforms, or that the K-ras gene is simply more sus-
ceptible to genetic alterations [33]. Interestingly, it has
been shown that a murine knockout of K-ras, but not of
H-ras or N-ras, results in embryonic lethality [34], and
K-ras is the prevalently expressed isoform in adult mouse
intestine [35].This indicates that even though there may
be considerable functional overlap between the Ras iso-
forms, K-ras might have a distinct and essential role.
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Aberrant function of K-ras has long been known to con-
tribute in a crucial way to human cancer development,
and in 50% of all colorectal tumors, one finds mutated
forms of K-ras [36]. Whereas K-ras seems to be the pre-
dominant Ras isoform in colon cancer, N-ras mutations
are more frequently found in leukemia, and H-ras muta-
tions seem to occur in bladder cancer [37]. It is conceiv-
able that these differences arise from differential regula-
tion of effector proteins. In a recent study, Raf-1 has been
shown to be more efficiently activated by K-ras than by
H-ras [38]. In contrast, H-ras seems to be a more potent
activator of phosphoinositide (PI) 3-kinase [39].

Effectors of Ras function

Among the best-studied Ras effectors, there are the ser-
ine-threonine kinases of the Raf family (A-Raf, B-Raf
and Raf-1/c-Raf) and their downstream target, the mito-
gen-activated protein kinase (MAPK) cascade; other im-
portant effectors are the PI 3-kinases [2, 40] (fig. 1). The
MAPK cascade plays a major role in the mitogenic action
of oncogenic Ras, and it involves the consecutive activa-
tion of three kinases. Once activated by Ras, Raf-1 phos-
phorylates MAPK kinase (MEK), which, in turn, phos-
phorylates the MAPK or extracellular signal-regulated
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Figure 1. Schematic representation of the signalling cascades
downstream of K-ras. Oncogenic K-ras is a potent activator of sev-
eral downstream effectors, the most prominent being the MAP-ki-
nase cascade, the GTPases Rac/Rho and the PI 3-kinase. Activation
of these pathways leads to suppressed apoptosis and transcriptional
activation, resulting in increased cellular proliferation. There are
several interconnections with other signalling cascades, such as the
Wnt/APC pathway, and the tumor suppressor p53.
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kinase (MAPK/ERK) [41]. MAPK activation results in
phosphorylation and activation of transcription factors
such as c-Jun, c-Myc and c-Fos, causing enhanced tran-
scription of genes that are associated with cell prolifera-
tion [40]. Like Ras itself, the G proteins Rho and Rac cy-
cle between a GTP-bound and a GDP-bound state, and
are regulated by GTPase-activating proteins and guano-
sine nucleotide exchange factors. Both play a role in the
regulation of the actin cytoskeleton, and have been re-
ported to be activated by oncogenic Ras [42—44]. Fur-
thermore, Rac activates PI 4/PI 5 kinases, resulting in an
increase in the concentration of PIP2 (phosphatidyl ino-
sitol 4,5-biphosphate), which has been implicated in acti-
vation of the microfilament system. Many actin-depen-
dent processes, such as membrane ruffling, formation of
focal adhesions, filopodia and stress fibers, are involved
in the motile and invasive phenotype of tumor cells, and
they can be all stimulated by oncogenic ras [43, 44]. PI 3-
kinase produces mitogenic inositol lipids upon stimula-
tion by Ras. One of these lipid products, PIP3 (phos-
phatidyl inositol 3,4,5-triphosphate), is able to activate
the G protein Rac. However, the serine-threonine kinase
Akt (or protein kinase B) constitutes the best-studied ef-
fector of PI 3-kinase. One of the downstream effects of
oncogenic Ras is to suppress apoptosis; this effect is me-
diated by activation of Akt. Activated Akt phosphorylates
caspase-9 [45] and Bad, a member of the Bcl-2 family
[46]. Upon phosphorylation, these pro-apoptotic proteins
are inhibited. Since apoptosis is tightly controlled in self-
renewing tissues like the intestinal epithelium, one can
easily imagine the importance of Ras mutations for the
survival of neoplastic cells. In addition to its anti-apop-
totic effect, Akt has been reported to mediate the effects
of oncogenic Ras on cell cycle progression [47]. Other
potential Ras effectors include the guanine nucleotide ex-
change factor RalGDS, whose role is still not completely
clear [48], and the c-Jun N-terminal kinase JNK, that has
been reported to be activated via Rac [49]. INK is a part
of the JINK/JUN kinase cascade, also called the stress-re-
sponse pathway, which has been implicated in the induc-
tion of apoptosis.

Ras mutations in human cancers and their role
for tumorigenesis

The Ras signalling cascade constitutes a major pathway
which has been demonstrated to be misregulated in 30%
of all human tumors [4]. In fact, ras genes are the most
frequently mutated oncogenes that can be detected in hu-
man tumors. However, the frequency of the mutations is
tissue- and tumor-type dependent: whereas ras mutations
are present in almost all pancreatic adenocarcinomas and
in about 50% of colorectal cancers, they are very rare in
breast and ovarian cancers [2, 16, 36, 50]. Point mutations
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are found at a ‘hot spot’ at codon 12 of the ras coding se-
quence [4], and they all abolish the GAP-induced GTP
hydrolysis of Ras. This means that a single point mutation
leads to a Ras protein that is constitutively activated. The
prognostic importance of ras mutations in human colon
cancer is still a matter of debate. One study failed to find
a correlation between ras status and clinical prognosis
[51]. However, other reports indicate that K-ras muta-
tions are associated with poor prognosis and aggressive
tumor behavior [52, 53]. Normal, nonmutated Ras pro-
teins are activated in response to extracellular stimuli that
control growth and differentation. In contrast, oncogenic
Ras proteins are active in the absence of external stimuli,
and their sustained signalling capacity presents a selec-
tive advantage for tumor cells by increasing cell prolifer-
ation and cellular survival, or by changing their adhesive
properties. It has to be kept in mind, though, that the ef-
fects of Ras activation depend on the cell type and the tis-
sue context. An in vitro example for the strikingly diver-
gent biological effects of Ras is the observation that acti-
vated Ras induces proliferation in fibroblasts, whereas it
causes growth arrest and differentiation in the neuronal-
like cell line PC12 [54]. Ras proteins have also been im-
plicated in control of the cell cycle, and multiple Ras-ef-
fector pathways converge in increased cell cycle progres-
sion. A prominent example is the regulation of the protein
cyclin D1, a component of the cell cycle machinery,
through activation of the MAPK pathway [55, 56]. In-
creased cellular levels of cyclin D1 are thought to pro-
mote cells through the G1 checkpoint, leading to cellular
proliferation. In fibroblasts, strong sustained activation of
MAPK/ERK results in the expression of cyclin D1, but
both integrin-dependent signalling and ras-mediated
growth-factor stimulation are required for this effect [57].
The importance of cell-type specificity was demonstrated
in a study that examined the effect of oncogenic Ras on
cyclin D1 in mammary tumors [58]. While cyclin D1 was
required for Ras to predispose mammary epithelium to
tumorigenesis, it was dispensable for Ras-induced skin
tumors [58]. Ras proteins not only stimulate proliferation
by promoting cell cycle progression, but they are also im-
plicated in the inhibition of apoptosis. Reduced apoptosis
is an important factor for tumorigenesis, since it helps tu-
mor cells to escape elimination. This effect has been re-
ported to be mediated by activation of the ras effector
protein Akt/PKB [45, 46]. Ras has also been shown to
protect mammary epithelial cells from apoptosis by
downregulation of the Fas receptor [59]. Furthermore, it
has been reported that oncogenic Ras plays a role in an-
giogenesis and the metastatic process, and the develop-
ment and maintenance of solid tumors requires sustained
expression of H-ras [60]. The earliest effects of inhibiting
Ras expression in melanocytes was the destruction of the
tumor vasculature, and it has been proposed that Ras ex-
pression in tumor cells elicits non-cell-autonomous re-
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sponses in the vasculature [60]. Transformation of cells
with oncogenic H-ras has been shown to increase the ex-
pression of metalloproteinases, which are key factors in
invasive processes and tumor metastasis [61]. Metastatic
tumors often express lower levels of the extracellular ma-
trix component thrombospondin, and the expression of
thrombospondin has been shown to be negatively regu-
lated by oncogenic K-ras [62]. In another study, K-ras
was found to disturb the processing and expression of ad-
hesion molecules in MDCK cells, resulting in a loss of
cell-cell and cell-matrix adhesion [63, 64]. Altering the
adhesive properties of epithelial cells is thought to play
an important role in invasion and metastasis of colorectal
tumors. There is also increasing evidence for cross-talk
between integrin-mediated signalling and Ras-mediated
pathways [65]. Ras-dependent hyperactivation of the
Raf/MAPK pathway cooperates with TGF-p-receptor
signalling; it is required for epithelial-mesenchymal tran-
sition in vitro, and was associated with tumor as well as
metastasis formation in nude mice [66]. Ras-activated PI
3-kinase signalling, on the other hand, caused cell scat-
tering and and was found to be responsible for protection
from TGF-p-induced apoptosis [66].

Other signalling pathways involved
in colorectal cancer and their cross-talk with Ras

About 15% of colorectal carcinomas arise due to a ge-
netic predisposition in affected families [67, 68], and
these familial forms often serve as a paradigm for col-
orectal cancer. Dominantly inherited germline mutations
in the gene APC have been shown to be responsible for
the familial adenomatous polyposis syndrome (FAP)
[69—71]. This inherited predisposition results in the for-
mation of multiple colonic adenomatous polyps with a
high propensity to develop colon carcinoma. The carci-
noma cells have been found to express COOH-terminally
truncated, nonfunctional forms of the APC protein [72].
Mutations of APC are not only present in inherited forms
of cancer predisposition, they have also been found in the
much more common ‘sporadic’ or nonfamilial form of
colorectal cancers, which represent the vast majority of
all cases [73]. In sporadic colorectal cancer, APC muta-
tions have been reported to occur in over 60 % of the cases
[74—77]. 1t has been shown that in human as well as in
mouse colon tumor development, inactivation of both al-
leles of the APC gene occurs already at the earliest stages
that are observable [78, 79]. Based on these results, it has
been proposed that loss of the wild-type allele of APC is
the earliest genetic change during tumor development,
and this loss is sufficient for progression to the adenoma
stage. Intriguingly, APC is ubiquitously expressed in
many different cell types, but it seems to play an impor-
tant role in tumorigenesis mainly in the colon or rectum,
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and rarely in other organs. Kinzler and Vogelstein thus
proposed a special role for APC in colonic epithelial cells
as ‘gatekeeper’ for cellular proliferation [1]. A mutation
of the gatekeeper leads to an imbalance of cell division
over cell death. However, the role of APC in the initiation
of colorectal cancer has been questioned by recent stud-
ies on the mutational status of colonic aberrant crypt foci
(ACF). ACF are regarded as early precursor lesions of
colorectal cancer, but it appears that only a small fraction
of all ACF progress to polyps, and even fewer to malig-
nant tumors. Two main types of ACF have been described
for human colon mucosa: nondysplastic ACF that are as-
sociated with ras mutations, and dysplastic ACF that are
associated with APC mutations. Dysplastic ACF have
been suggested to be more likely to progress to adenoma
[78]. Alternatively, nondysplastic ACF have been pro-
posed to progress through the advent of adenomatous
transformation [80]. A recent study found frequent K-ras
mutations in ACF (in 80% of nondysplastic, and in over
60% of dysplastic ACF), but no evidence for APC or f-
catenin mutations was obtained [18]. This observation in-
dicates that APC may not be indispensable for the initia-
tion of colorectal carcinogensis.

The multiple and profound implications of APC in cellu-
lar signalling are reflected by the fact that its gene prod-
uct is a large multifunctional protein (300 kDa), that has
the ability to bind to many diverse ligands [1, 81]. The in-
teraction of the APC protein with B-catenin and its ability
to regulate the B-catenin concentration in the cytoplasm
deserve special interest, since fB-catenin (the homologue
of armadillo in Drosophila) plays important roles in cad-
herin-dependent cell adhesion as well as in signal trans-
duction of the Wnt/Wingless pathway [82, 83]. In vivo
studies on transgenic mice showed that truncated forms
of pB-catenin are able to promote tumorigenesis: expres-
sion of an NH,-terminally truncated p-catenin resulted in
a mitogenic response in intestinal crypt epithelial cells;
the cell proliferation was increased by a factor of 4 [84].
In the absence of a Wnt signal, phosphorylation of p-
catenin binding sites in APC by glycogen synthase ki-
nase-3 (GSK-3) promotes the APC/f-catenin association,
which ultimatively leads to rapid reduction of the cyto-
plasmic pool of B-catenin by its degradation through the
ubiquitin-proteasome pathway. Upon stimulation of the
Want pathway, the stability of S-catenin is enhanced. The
increase in B-catenin concentration leads to its migration
to the nucleus where it binds to and activates members of
the TCF/LEF-1 (T cell factor/lymphocyte enhancing fac-
tor) family of transcription factors, which subsequently
activate transcription of target genes like the oncogene
c-myc [85], cyclin D1 [86] and the metalloprotease ma-
trilysin [87]. Apart from transcriptional regulation in the
nucleus, both microtubules and the actin cytoskeleton are
downstream targets of Wnt signalling through APC [88].
The mutational inactivation of APC or mutations of f-
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catenin itself, both of which have frequently been ob-
served in human colon cancers, lead to the accumulation
of cytoplasmic f-catenin. Recent findings indicate that
both oncogenic Ras and the tumor suppressor p53 do not
act in a completely separate fashion from the Wnt/APC
pathway. In fact, there is significant cross-talk between
the different signalling cascades, and there are several in-
terconnections [89]. The protein Mdm?2, one of the major
regulators of p53, as well as its inhibitor p19A%F have been
shown to be a target of the Ras/Raf/MAP kinase pathway
[90]. The protein glycogen synthase kinase 3 is not only a
component of the Wnt/Wingless pathway, but also a sub-
strate of Ras-activated PKB that is capable of downregu-
lating its activity [2]. The Myc protein is stabilized by Ras
[91], and the transcription of myc is induced by the -
catenin pathway [85]. Moreover, oncogenic -catenin in-
duces the accumulation and activation of the p53 protein
[92]. In contrast, the putative modulation of TGF-f-re-
ceptor signalling by Ras is still under debate. It was re-
ported that Ras attenuates SMAD2/3 signalling [93], but
other groups failed to observe Ras-dependent inhibition
of SMAD2/3 [94].

In addition to the constitutive activation of the Wnt sig-
nalling pathway, genomic instability is a hallmark of hu-
man colorectal cancer. This instability can be present in
the form of minisatellite instability (MIN) or chromo-
some instability (CIN). MIN is found in a subgroup of di-
gestive cancers, and it is caused by defects in DNA mis-
match repair genes, which are also the underlying cause
in the hereditary non-polyposis colorectal cancer (HN-
PCC) [95-97]. However, most cancers that demonstrate
extensive MIN were found to result from somatic inacti-
vation of mismatch repair genes like hMLH1 rather than
from an inherited germline mutation [98]. Recent results
suggest that the DNA mismatch repair genes are also in-
volved in the control of cell cycle arrest or apoptosis af-
ter DNA damage [99]. The molecular mechanism under-
lying CIN, the more frequent form of genomic instability,
has just begun to emerge. CIN tumors exhibit a defect in
chromosome segregation, which manifests as both nu-
merical and structural chromosomal alterations. How-
ever, several recent studies indicate that APC dysfunction
not only deregulates the Wnt signalling cascade, but can
also give rise to chromosomal instability [100—102]. It is
known that the APC protein binds to EB1 and micro-
tubules, and APC has been found to localize at the mitotic
spindle; furthermore, the expression of truncated APC in
embryonic stem cells caused chromosomal instability
[100]. Moreover, in CIN cells APC is often mutated,
whereas spindle checkpoint genes are not [102]. Other
somatically acquired mutations are likely to cooperate
with mutations in the APC gene to elicit CIN during tu-
mor progression. Interestingly, oncogenic Ras has been
shown to induce genomic instability via the MAPK path-
way in a cell culture model [103].
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Mouse models (I): the utility of mice

The role of oncogenic Ras proteins is typically studied by
overexpressing activated ras with powerful artificial pro-
moters in cultured cells. These approaches have greatly
increased our knowledge concerning the basic biological
functions of ras. However, subtle effects and differences
could be obscured by saturating levels of Ras protein.
Furthermore, transferring the information gained from
cell culture experiments to the complex process of tumor
development in the intestinal tract is not a trivial issue.
Therefore, in vivo systems would be highly desirable to
recapitulate the effects of mutated Ras in a tissue context,
involving physiological levels of expression. Since mice
have the same tissues and organ systems as humans, and
they are amenable to precise genetic modifications, they
have become a versatile experimental system that has ex-
tensively contributed to the field of colorectal cancer. The
technical advances in homologous recombination and
transgenic technology have allowed the creation of vari-
ous preclinical models for cancer development (reviewed
in [104, 105]). Transgenic mice provide excellent oppor-
tunities to dissect the involvement of genes of interest in
intestinal carcinogenesis. In addition, the influence of en-
vironmental factors such as diet composition on the sus-
ceptibility for cancer can be studied in mutant mice. Fi-
nally, successful mouse models could serve as valuable
tools for the development of novel diagnostic and thera-
peutic approaches. There are several promising reports
for successful therapeutic tests of anti-Ras compounds
that interfere with the posttranslational modification of
Ras proteins by the enzyme farnesyl-protein transferase
[106, 107]. These compounds reverse many of the malig-
nant phenotypes of Ras-transformed cells in vitro. Farne-
syl-transferase inhibitors have been tested on murine
models carrying the human oncogenic K-rasV!?6 under
the control of the mouse mammary tumor virus en-
hancer/promoter [106]. Treatment of the transgenic mice
caused inhibition of tumor growth in the absence of sys-
temic toxicity. These results demonstrate the utility of
transgenic mice for testing potential anticancer agents,
and it would be of great interest to expand these ap-
proaches to the field of colorectal cancer. Several at-
tempts have been made so far to obtain murine models to
study the development of colorectal cancer [13]. The first
mouse model that was described to contain a mutation in
the Apc gene (a nonsense mutation at codon 850 that was
obtained serendipitously in a mutagenesis screen) was
designated multiple intestinal neoplasia (Apc™™ [5]).
These mice can develop more than 100 adenomas in the
small intestine, but this phenotype greatly depends on the
genetic background. Many of the mutations in the human
APC gene occur in the last and largest exon. This type of
mutation is more closely mimicked by a transgenic
mouse named Apc’%3¥V [6], where a neomycin expression
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cassette was inserted in reverse orientation at codon 1638
of the murine Apc gene. Heterozygotes of this phenotype
develop aberrant crypt foci, polyps and about three to five
adenomas or carcinomas of the small intestine. In the ho-
mozygous state, however, both of the Apc™” or Apc!638V
alleles lead to early embryonic lethality. Several trans-
genic and knockout mice have been created to study the
role of the mismatch repair machinery in carcinogenesis,
and it was shown that a dysfunctional mismatch repair
contributes to the formation of tumors [9, 108]. Inactiva-
tion of the murine gene SMAD3, a mediator of TGF-f
signalling, as well as a knockout of the catalytic subunit
of PI 3-kinase have been reported to result in colorectal
cancer [10,11]. A combination of mutations in mismatch
repair genes with mutated alleles of Apc resulted in a dra-
matic decrease of viability and accelerated tumorigene-
sis [109, 110].

Mouse models (II): studying the role of Ras

Whereas the understanding of the function of the tumor
suppressor gene APC has taken great profit from trans-
genic mice, the role of oncogenic K-ras in digestive can-
cer has only recently been recapitulated [22]. Earlier at-
tempts to recapitulate the role of oncogenic Ras in trans-
genic models had only limited success. Transgenic
expression of K-rasV!?6 in postmitotic villus enterocytes
under control of the FABP promoter caused intestinal
dysplasia, but the authors did not observe any neoplasms
[14, 15]. Expression of the transgene in postmitotic ente-
rocytes was apparently not sufficient to induce cancer.
This finding was explained by the short residence time of
migrating enterocytes on the villus, which does not allow
clonal expansion. In a recent publication, Johnson et al.
demonstrated an elegant mouse model for Ras-dependent
carcinogenesis that is based upon spontaneous recombi-
nation events in the whole animal [19]. The mutant K-ras
is generated at random by recombination within the al-
lele, and this randomness is thought to recapitulate the
sporadic occurrence of K-ras mutations. Whereas the
transgenic mice failed to develop intestinal tumors, they
showed a high predisposition for lung cancer and other
tumor types. According to the authors, this may be due
either to tissue-specific differences in the frequency of
recombination events, or to the relative order of ras gene
mutations in the course of tumorigenesis. In other words,
the sporadic activation by homologous recombination
may be very rare in intestinal epithelia, or oncogenic ras
may be activated, but it is unable to induce tumors in the
intestine. However, tumorigenesis is a rare event even
in the villin-K-rasV'?¢ transgenic animals, which ex-
press oncogenic Ras throughout the intestinal epithelium
and develop intestinal neoplasms [22]. The number
of cells that express oncogenic Ras in the model de-
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scribed by Johnson et al. is certainly strongly reduced as
compared with the villin-K-rasV'?¢ transgenic model.
Thus, one can assume that the probability of acquiring
additional somatic mutations, based on results from the
villin-K-rasV?¢ model, might simply be too low to induce
tumorigenesis in the model developed by Johnson et al.
The authors also produced a double mutant that carried
both the mutated K-ras allele and the Apc™" mutation
[19]. In the double-mutant animals, the tumor type and
frequency found in the Apc™" animals did not change.
However, it is not clear whether K-ras was really acti-
vated in the intestinal tumors that had formed in these an-
imals [111].

Several groups have created additional transgenic Ras
models based upon the Cre/loxP system, an increasingly
important tool to unravel the function of genes of interest
with a high degree of experimental control [112]. Two re-
cent transgenic models for pulmonary tumorigenesis uti-
lized conditionally activatable K-ras, and the activation
was carried out with a recombinant adenovirus express-
ing Cre [20, 113]. A recombinant adenovirus was used to
deliver Cre in a colon cancer model involving conditional
mutant Apc alleles [114]. A different kind of approach
was used for the creation of the rasH2 mouse, a trans-
genic line that contains several copies of oncogenic H-ras
together with the promoter/enhancer region of this gene
[115]. The transgene is ubiquitously expressed, and the
tumor spectrum includes lung adenocarcinomas and
other cancer types, but no intestinal neoplasms. This lack
of intestinal lesions might be explained by the preferen-
tial role of K-ras, but not H-ras, in digestive cancer. A
conditional K-ras knockin was recently reported by the
laboratory of M. Barbacid [21]. An oncogenic, Cre-acti-
vatable allele of K-ras has been introduced in the en-
dogenous murine K-ras locus, together with a p-galac-
tosidase reporter gene [21]. In the group of S. Robine, a
9-kb regulatory region of the mouse villin gene was used
to drive the selective expression of oncogenic K-rasV!?¢
in intestinal epithelial cells [22]. The villin promoter has
been shown to target stable and homogeneous expression
of transgenes along the crypt-villus axis, in differentiated
enterocytes as well as in the immature, undifferentiated
cells of the crypt [116, 117]. It seems crucial to target ex-
pression of the transgene in the rapidly proliferating un-
differentiated cell population, as has been shown in a
study focusing on the Wnt pathway [118]. These cells re-
main anchored in the crypt during the normal renewal
process of the intestinal mucosa; in addition, they un-
dergo several cycles of cell division. These two features
are necessary to accumulate the somatic mutations that
are a prerequisite for tumorigenesis. The transgenic K-
rasV!26 was expressed at relatively low levels (12 % of en-
dogenous Ras) in the mucosa of transgenic animals [22].
The physiological expression level of the transgene in this
model may explain the apparent absence of unwanted
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phenotypic side effects, apart from tumorigenesis. The
continuous presence of oncogenic GTP-Ras in the in-
testinal epithelium led to constitutive activation of the
MAP kinases ERK1/2 in the intestinal mucosa [22]. Sim-
ilarily, in human colon carcinomas, the MAPK activity
was reported to be significantly higher than in normal
mucosa [119]. The GTPase Rac was also found to be sig-
nificantly activated in the mucosa of villin-K-rasV!?¢
transgenic animals, as compared with wild-type mice
[unpublished observations].

Interestingly, no activation of Akt/PKB was observable in
the villin-K-rasV!?¢ transgenic animals. However, the tis-
sue-specific role of Akt in Ras-mediated transformation
of epithelial cells is still under debate. The expression of
oncogenic H-Ras in cultured rat intestinal epithelial cells
has been reported to result in the PI3-kinase-dependent
activation of Akt/PKB [120]. Another study showed that
PI3-kinase/Akt signalling was neither necessary nor suf-
ficient for K-ras-mediated transformation in the same
cell type [121]. The lack of activation of Akt/PKB and the
unchanged expression of the death suppressor Bcl-2, a
downstream target of MAPK cascade [122], suggest that
the regulation of apoptosis might not be affected in the
normal intestinal mucosa of transgenic animals, at least
not through these two key players. The villin-K-rasV!?¢
transgenic animals developed two to three tumors per an-
imal with a relatively late onset (at an age of over 6
months) [22]. Adenomas and invasive adenocarcinomas
were found to be present mainly in the duodenum and je-
junum, thus in the small intestine. ACF were frequently
found in the large intestine, while no malignant lesions
developed in the colon or rectum. In the human disease,
most cancers arise in the large intestine [73]. However,
several other mouse models, like the Apc’53¥N or Apcm
mice, also seem to develop tumors more easily in the
small intestine than in the colon or rectum [5, 6]. Tumor
analysis by flow cytometry showed that a majority of the
lesions were hyperproliferative. However, hyperprolifer-
ation was not found in the normal mucosa of transgenic
animals, even though oncogenic K-ras was expressed. In
line with this observation, activation of Ras was reported
to promote progression throughout G, but not S phase, in
premalignant lesions [123]. This finding suggests that the
constitutive activation of the MAPK cascade was not suf-
ficient to induce hyperproliferation. Additional, sponta-
neous genetic alterations are most likely required to over-
come the tightly controlled system of cell number home-
ostasis in the mucosa. Moreover, it is generally assumed
that K-ras mutations develop in the context of previously
inactivated APC [16, 36, 124]. Surprisingly, no evidence
for invalidation of the Apc gene has been obtained in the
tumors from villin-K-rasV'?6 animals [22]. Murine in-
testinal tumors in the absence of mutations in Apc or f-
catenin have also been reported for a recent mouse model
that investigates the role of the TGF- pathway [125].



502 K.-P. Janssen

Whereas inactivation of Apc seemed not to be required
for tumorigenesis in the villin-K-rasV!?¢ transgenic ani-
mals, about 40% of the lesions displayed an altered p53
state. Accordingly, spontaneous mutation of p53 is a fre-
quent but non-exclusive feature in human colorectal can-
cer. Inactivation of p53 could shift the balance of cell
number homeostasis by favouring proliferation and in-
hibiting apoptosis or cell cycle arrest, thus conveying a
selective growth advantage for mutated cells. Interest-
ingly, inactivation of p53 seems not to be required in the
case of Apc-induced tumorigenesis in mice, since p353
mutations are very rare in the case of several murine mod-
els that recapitulate the role of inactivated Apc (fig. 2).
Neither in the Apc/¥V, nor in the Apc™™ mouse, have
spontaneous p33 alterations been detected [126, 127].
Moreover, combinations of Apc™™” or Apc!%3¥N mice with
knockout mutants for p53 did not lead to increased tumor
formation in the gastrointestinal tract [128, 129]. The re-
sults obtained with the villin-K-rasV!?¢ mice underline the
notion that the pathway to colon cancer is not necessarily
a single road that depends solely on invalidation of Apc.
Furthermore, they indicate that inactivation of the tumor
suppressor gene p33 seems to cooperate with K-ras in the
progression of colorectal tumors. Since the villin pro-
moter is active during murine development [130, 131],
the transgenic mice may express the oncogenic K-ras
already in the embryonal stage. Therefore, it would be
desirable to induce oncogenic mutations only in adult
epithelial cells. This could be achieved in the future by
inducible systems that take use of the Cre-LoxP system,
similar to existing murine models [20, 21, 113].

K-ras and colorectal cancer

Concluding Remarks

Although activating K-ras mutations are associated with
early to intermediate tumor stages in the human disease,
their transforming potential is thought to develop only in
the context of a preexisting inactivation of the tumor sup-
pressor gene Apc [16]. The unexpected finding that Ras
was able to induce intestinal tumors in the absence of Apc
mutations in the villin-K-rasV'?6 transgenic model incites
the hypothesis that Ras contributes not only to tumor pro-
gression, as has previously been suggested, but also to tu-
mor initiation [22]. According to Fearon and Vogelstein,
mutated K-ras may either be the initiating event in some
colorectal tumors, or depend upon previous 4PC muta-
tions to exert its oncogenic effects [16]. Even though APC
mutations are present in virtually all cases of FAP, this is
not the case for sporadic colorectal cancer, where APC is
mutated in about 60% of the cases [74—77]. Further-
more, several recent studies show that a subgroup of hu-
man digestive cancer carries mutations in K-ras, but not
in APC. In human primary carcinomas that arise in the
small intestine, ras is frequently mutated (53% of the
cases), p53 to a lesser extent (27 %), whereas APC muta-
tions occur at a very low frequency (6%) [17]. Analysis
of the mutational status of colonic ACF could help to clar-
ify which genetic alterations initiate the tumorigenic
process since ACF are regarded as early precursor lesions
of colorectal cancer. A recent study found highly frequent
K-ras mutations in ACF, but no evidence for APC or p-
catenin mutations could be obtained [18]. Taken together,
these results indicate that there seems to be an ‘alternative
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The murine K-rasV126 model

HYPER-

NORMAL
EPITHELIUM

] = [PROLIFERATIONJ = [ ADENOMA J—» -

1

transgenic villin-K-rasV12G

no evidence for Apc mutations

LOH for Apc

The murine Apc model

HYPER-

NORMAL
EPITHELIUM

)= votiesinon) (oo |~ (D

heterozygous Apc germline
mutation, e.g. Apc+/1638N

no evidence for K-ras or p53 mutations

Figure 2. The murine villin-K-rasV!?¢ model of intestinal tumorigenesis compared with Apc models. Transgenic villin-K-rasV!?¢ animals
express oncogenic K-ras in the intestinal epithelium; spontaneous, somatic genetic alterations (e. g. inactivation of p53) are required for tu-
morigenesis. Murine models that recapitulate the role of Apc (Apc™™, Apc/53¥N) have demonstrated that a somatic inactivation of the wild-
type allele of Apc is sufficient to induce tumorigenesis, even in the absence of further mutations in other oncogenes or tumor suppressor

genes.
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road’ to sporadic colorectal cancer where K-ras muta-
tions occur during the formation of precursor lesions,
which then progress to adenomas [18]. In fact, a signifi-
cant proportion of colorectal cancer may not be initiated
by mutation of APC, as is generally supposed, but by
other mechanisms, for example activating Ras mutations.
In contrast to human colorectal cancer, where at least five
genetic alterations have been calculated to be necessary
for tumorigenesis [132], the number of mutations re-
quired for tumorigenesis in the murine models seems rel-
atively small. Inactivation of both alleles of Apc, or a
combination of oncogenic K-ras and inactivation of p53,
are able to induce tumorigenesis (fig. 2). The murine
models presented in this review have greatly helped to in-
crease our knowledge of the formation of intestinal can-
cer, to identify and dissect several routes that can lead to
colorectal cancer. One of the great remaining challenges
is to model the features of advanced human cancer, in-
cluding the metastatic process [133]. Metastasis forma-
tion is a rare event in the Apc’%*N model, and no metasta-
sis has been detected in the villin-K-rasV'?¢ mouse [6,
22]. While tumorigenesis in humans can take several
decades to progress to the metastatic stage, the relatively
short lifespan of transgenic animals may preclude the
acquisition of mutations that contribute to invasion
and metastasis. This limitation could be overcome by in-
tercrossing the villin-K-ras’’?¢ transgenic mice with
other genetically modified mouse lines, which would in-
crease the similarity of the model system to human spo-
radic colorectal cancer with its multiple genetic changes,
and might increase the likelihood for metastasis forma-
tion. Furthermore, the cross-talk mechanism between
oncogenes and tumor suppressor genes could be tested in
vivo.
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