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Abstract
Much of our current state of knowledge pertaining to the mechanisms controlling intestinal
epithelial homeostasis derives from epidemiological, molecular genetic, cell biological, and
biochemical studies of signaling pathways that are dysregulated during the process of colorectal
tumorigenesis. Activating mutations in members of the RAS oncoprotein family play an important
role in the progression of colorectal cancer (CRC) and, by extension, intestinal epithelial
homeostasis. Mutations in K-RAS account for 90% of the RAS mutations found in CRC. As such,
the study of RAS protein function in the intestinal epithelium is largely encompassed by the study
of K-RAS function in CRC. In this review, we summarize the data available from genetically
defined in vitro and in vivo models of CRC that aim to characterize the oncogenic properties of
mutationally activated K-RAS. These studies paint a complex picture of a multi-functional
oncoprotein that engages an array of downstream signaling pathways to influence cellular
behaviors that are both pro- and anti-tumorigenic. While the complexity of K-RAS biology has
thus far prevented a comprehensive understanding of its oncogenic properties, the work to date
lays a foundation for the development of new therapeutic strategies to treat K-RAS mutant CRC.

Keywords
Intestinal epithelium; Colorectal cancer; K-Ras

Introduction
Among the vast array of mutations present in cancers, activating mutations in the RAS
family of small, monomeric GTPases (i.e., K-, N-, and H-RAS) are both common and
widespread. K-RAS activation is most common, with an incidence of approximately 15%
across all human tumor types [1]. RAS family members normally cycle between active
GTP-bound and inactive GDP-bound states and function at cellular membranes to transmit
signals originating from extracellular stimuli to influence cell growth, proliferation,
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differentiation, and survival [2]. Oncogenic missense mutations at codons 12, 13, 61, and
146 strongly attenuate GTPase activity and cause RAS to accumulate in the active GTP-
bound state, resulting in sustained activation of downstream signaling pathways [3]. The
downstream “effector” pathways engaged by GTP-bound RAS are numerous and include
both phosphorylation cascades (e.g. RAF MEK ERK, PI3K AKT, PLCε PKC) and
secondary GTPase pathways (e.g. RAC and RAL) [4]. In theory, these effectors constitute
potential therapeutic targets for RAS-mutant cancers, yet activation of individual pathways
is context-dependent, making it difficult to predict which would be an effective target in a
given cancer.

In the context of colorectal cancer (CRC), K-RAS mutations far outnumber those in N-RAS
and H-RAS, arising in approximately 40% of cases [5, 6]. N-RAS mutations occur in 3-5%
of cases and H-RAS mutations have not been identified [6-8]. Interestingly, while codon
12/13 mutations account for the majority of activating mutations in K-RAS (G12D is the
most common mutation in CRC), weak activating mutations at codon 146 significantly
outnumber strong activating mutations at codon 61 [8]. Moreover, codon 146 mutations
appear to be specific for CRC, as they are not found in other cancers that commonly express
mutant K-RAS (e.g. non-small cell lung cancer) [9]. While molecular and pathologic
characterization of pre-neoplastic and neoplastic colonic lesions confirms that mutant K-
RAS has an early and broad oncogenic role in the process of colorectal carcinogenesis [6,
10-12], epidemiological data provides a more sinister view of K-RAS with respect to CRC
outcomes. For example, multiple studies have identified a connection between K-RAS
mutation and poor clinical outcome [8, 13]. More recently, K-RAS activating mutations
have been found to be strongly predictive for failure of colorectal cancers to respond to
therapies targeting the Epidermal Growth Factor Receptor (EGFR) [14-19].

Epidemiological studies underscore the importance of K-RAS mutations in the progression
and treatment of CRC, and therefore the urgent need for therapies targeting the pathway(s),
but their retrospective nature makes them largely uninformative at the mechanistic level. In
this review we survey data from in vitro and in vivo model systems that provide insight into
the mechanisms underlying the contribution of mutant K-RAS to colorectal cancer.

Oncogenic properties of K-RAS in CRC cell lines
Much of what we know about the oncogenic properties of mutationally activated RAS is
derived from in vitro transformation assays, which measure an oncogene’s ability to
influence cellular properties that are integral to tumorigenesis, for example replicative
potential, clonogenic survival, or anchorage independent growth. A large body of work
establishes the pro-tumorigenic properties of activated RAS, but the development of a
unifying model of RAS function has been hindered by the fact that the phenotypes
associated with oncogenic RAS are highly dependent upon which family member is
mutated, the level of expression of the mutant protein, and the cellular context in which the
oncoprotein is expressed. For K-RAS in particular, over-expression studies are complicated
by the fact that the endogenous gene is alternatively spliced to produce two distinct proteins,
K-RAS4A and K-RAS4B, which differ only in their extreme C-termini. Endogenous
activating point mutations affect both splice forms, but over-expression studies (both in vitro
and in vivo) typically measure the transforming activity of a single K-RAS isoform. As a
result of these caveats, the molecular mechanisms underlying the contribution of
mutationally activated K-RAS to CRC progression are poorly characterized.

One powerful approach that has been utilized to characterize the contribution of oncogenic
K-RAS to CRC utilizes somatic gene targeting to remove the endogenous mutant allele of
KRAS from CRC cell lines by homologous recombination, creating a derivative cell line that
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is essentially isogenic with the exception of the K-RAS mutational status [20]. While this
system has limitations (e.g. the derivative cell lines carry one wild-type and one null allele
of KRAS), its major advantage in comparison to RAS over-expression strategies is that it
allows for the study of endogenous mutations affecting both K-RAS4A and 4B in the cell
type relevant for CRC. A summary of the phenotypes associated with mutant K-RAS, as
revealed by the use of isogenic pairs, is shown in Fig. 1.

Deletion of the mutant KRAS allele from HCT-116 and DLD-1 CRC cells, which both
harbor a single endogenous G13D activating mutation, results in a morphologic change, a
decrease in proliferation, abrogation of anchorage-independent growth, and a complete loss
of in vivo tumorigenic potential [20]. The signaling pathways connecting K-RASG13D to
each of these phenotypes have been studied in more detail. The ability of mutant K-RAS to
affect cellular morphology may be related to its effect on cytoskeletal organization; deletion
of K-RASG13D from HCT-116 cells restores their ability to assemble stress fibers and focal
adhesions/complexes [21]. The capacity of oncogenic K-RAS to disrupt the actin
cytoskeleton is mediated by activation of MEK and PI3K, with both pathways shown to be
important for uncoupling RHO signaling from actin stress fiber formation [21]. While the
effect of mutant K-RAS on the actin cytoskeleton appears to be dependent on canonical
downstream effector pathways, the high rate of proliferation due to K-RAS activation in
DLD-1 cells is dependent on RAF, but independent of MEK, suggesting that K-RAS can
engage non-canonical effector pathways to control cell division [22]. Mutant K-RAS also
confers resistance to detachment-induced apoptosis (anoikis), which plays an important role
in anchorage independent growth. When the K-RAS wild-type derivative of DLD-1 is
grown in suspension, cell death results from down-regulation of the anti-apoptotic protein
Bcl-XL, but mutant K-RAS promotes Bcl-XL stability in the parental line, thereby
suppressing anoikis [23]. Finally, deletion of K-RASG13D from DLD-1 or HCT-116 leads to
a dramatic reduction in the amount of VEGF produced and VEGF is required for the growth
of these cells in Nude mice [24, 25]. Since subcutaneous growth of human cancer xenografts
in immunocompromised mice requires efficient vascularization, it is likely that the failure of
K-RAS wild-type derivatives of DLD-1 and HCT-116 cells to grow subcutaneously is at
least partially due to defects in vascularization. Altogether, these studies highlight (1) that
K-RAS is such an effective oncoprotein because it influences many aspects of tumorigenesis
and (2) that combinatorial therapies will likely be required to inhibit the pathways operating
downstream of mutant K-RAS.

In addition to its effects on cellular characteristics associated with traditional measures of
transformation, mutant K-RAS regulates other cancer-related properties of CRC cells, such
as radiation response and glucose metabolism. For example, the parental lines DLD-1 and
HCT-116 are resistant to ionizing radiation when compared to their KRAS wild-type
derivatives [26, 27]. In HCT-116 cells, K-RASG13D stabilizes MDM2, resulting in an
attenuated P53 response to radiation [26]. It is not clear if a similar or distinct mechanism
functions in DLD-1 cells, which are mutant for P53. Since patients with locally advanced
rectal cancer are treated with a combination of chemotherapy and radiation, the radiation
resistance conferred by mutant K-RAS is significant. Indeed, some clinical studies suggest
that patients with K-RAS mutant rectal cancers respond poorly to chemoradiation therapy
[28, 29].

Mutant K-RAS also alters the metabolism of CRC cells by allowing them to grow in the
present of low levels of glucose [30]. Parental DLD-1 and HCT-116 cells express high
levels of glucose transporter 1 (GLUT1) compared to their wild-type derivatives, which
leads to enhanced glucose uptake and glycolysis [30]. A preferential use of aerobic
glycolysis, termed the Warburg effect, is a hallmark of cancer cells, providing transformed
cells with a proliferative and survival advantage in the presence of low oxygen [31].
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A paradoxical attribute of mutant K-RAS, which seems to contradict its strong tumor
promoting activity, is its ability to potentiate stress-induced apoptosis. Expression of K-
RASG13D sensitizes HCT-116 and DLD-1 cells to the chemotherapeutic agents 5-
fluorouracil (5-FU) and oxaliplatin [32, 33]. Parental HCT-116 and DLD-1 cells are also
more sensitive to sodium butyrate- and staurosporine-induced apoptosis than their wild-type
derivatives [34, 35]. At least two independent pro-apoptotic mechanisms function in K-RAS
mutant CRC cells. In the case of chemotherapy response, mutant K-RAS up-regulates the
pro-apoptotic protein NOXA and NOXA knockdown confers resistance to 5-FU and
oxaliplatin in HCT-116 cells [32]. K-RASG13D also regulates the transcription of several
genes known to play a role in apoptosis, including the anti-apoptotic protein gelsolin [34].
Down-regulation of gelsolin by mutant K-RAS was shown to be important for the
hypersensitivity of HCT-116 cells to both sodium butyrate and 5-FU [34]. While the full
extent of the pro-apoptotic program elicited by mutant K-RAS remains to be characterized,
therapeutic engagement of this program may constitute a viable therapeutic strategy for K-
RAS mutant CRC. In a similar vein, DLD-1 and HCT-116 cells expressing mutant K-RAS
exhibit evidence of mitotic stress, such as slow mitotic progression and an increased number
of lagging chromosomes in anaphase [36]. Inhibitors of mitosis preferentially induce cell
death in the parental lines compared to K-RAS wild-type derivatives, suggesting that
targeting this anti-tumorigenic property of K-RAS may also constitute a viable therapeutic
strategy [36].

From the comparisons between K-RAS mutant colorectal cancer cells and their isogenic K-
RAS wild-type derivatives, it is clear that K-RAS is involved in a wide variety of processes
important for cancer (Fig. 1). What these in vitro studies cannot address, however, is how
mutant K-RAS functions within the context of an intact tissue and how it contributes to the
progression of an autochthonous developing CRC.

Mouse models of K-Ras activation in the intestinal epithelium
The laboratory mouse represents an ideal model system for studying oncogenes in an in vivo
setting. Traditionally, loss of function (i.e. knockout) studies have been used to probe the
function of specific genes in physiologic processes. Targeted homozygous deletion of K-
Ras, for example, results in embryonic lethality due to defective fetal liver hematopoiesis
[37]. K-Ras function is dispensable in most adult tissues, including the intestinal epithelium,
which is essentially unaffected by loss of K-Ras [37](K. Haigis, unpublished) (Fig. 2A).
While this observation may be significant with respect to targeted therapy – it suggests that a
therapy that completely and specifically eliminates K-Ras function may not exhibit
excessive toxicity – it does not provide much insight into the oncogenic function of
mutationally activated K-Ras.

A major advance in the study of oncogenic K-Ras was the generation of genetically
engineered mice expressing the mutated protein in the intestinal epithelium. The first such
model employed transgenic over-expression of K-RasG12V from the Villin promoter, which
confers expression throughout the small and large intestinal epithelia [38]. Villin-KrasG12V

animals develop a range of pre-neoplastic and neoplastic intestinal lesions, including
aberrant crypt foci (ACF), adenomas, and invasive adenocarcinomas, suggesting that mutant
K-Ras strongly promotes intestinal neoplasia, even in the absence of secondary oncogenic
mutations [38]. Similar to cellular models relying on ectopic over-expression, the
physiological relevance, and thus the interpretation of the phenotype, of this transgenic
model is not entirely clear. Nevertheless, the development of mouse models with mutational
activation of endogenously expressed K-Ras has made it possible to address this uncertainty.
KrasLA/+ mice carry a duplication of exon 2 and a silent G12D activating mutation in the
endogenous Kras locus. In its un-recombined state, this duplication constitutes a null allele
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(which can be transmitted through the germ line in heterozygous form), but somatic
recombination between the duplicated exons leads to restoration of normal gene structure
and expression of activated K-Ras [39]. The expression of a single mutant Kras allele is
sufficient to induce the formation of hyperplastic ACF in the colon (Fig. 2B), but these
animals do not develop colon cancer [39].

Because the activation of K-Ras is dependent upon stochastic somatic recombination in the
KrasLA/+ mice, their phenotype is not restricted to the intestinal epithelium. In fact,
KrasLA/+ animals typically die from lung cancer [39], which precludes an in-depth analysis
of the colonic phenotype. The phenotypic effects of mutant K-Ras in the intestinal
epithelium are more effectively studied in animals that are genetically engineered to carry a
Cre-dependent activated allele in the endogenous locus. The first such study utilized a Cre-
dependent activated allele of Kras (KrasLSLV12) and a P450-inducible Cre transgenic line
(Ah-Cre) [40, 41]. Injection of Ah-Cre ; KrasLSLV12/+ mice with β-naphthoflavone (βNF)
leads to widespread expression of K-RasG12V throughout the epithelium of the proximal
small intestine, but no change in basal homeostasis was seen [42]. Because Ah-Cre is not
activated by βNF in the colonic epithelium [41], this study did not reveal how expression of
K-RasG12V in the colonic epithelium compared to the sporadic activation seen in KrasLA/+

mice.

Subsequently, three studies revealed a strong phenotype associated with expression of
activated K-Ras in the colonic epithelium. These studies utilized a Cre-dependent mutant
allele of endogenous Kras (KrasLSL-G12D) [43] crossed with distinct intestinal epithelium-
specific Cre transgenic strains, Fabpl4X@-132-Cre and Villin-Cre. Both of these transgenic
lines express Cre recombinase in the distal small intestinal and colonic epithelia, while only
Villin-Cre expresses in the proximal small intestinal epithelium [44, 45]. Fabpl4X@-132-
Cre ; KrasLSL-G12D/+ animals develop widespread epithelial hyperplasia throughout the
colon (Fig. 2C), which is associated with an expansion of the progenitor zone in the crypt
and hyperproliferation of transit amplifying cells [22]. Villin-Cre ; KrasLSL-G12D/+ animals
also exhibit widespread hyperplasia that is associated with increased proliferation in
proximal colon, but not in the distal colon [46, 47].

What accounts for the distinct observations made from the Ah-Cre ; KrasLSLV12/+ study,
which found no phenotype associated with expression of K-RasG12V, and the subsequent
studies in which K-RasG12D induced hyperplasia? Differences in allele (G12V vs. G12D),
organ site (small intestine vs. colon), or Cre driver could account for the phenotypic
variation, but Fabpl4X@-132-Cre ; KrasLSL-G12D/+ animals develop hyperplasia in the distal
small intestine as well as in the colon (K. Haigis, unpublished), suggesting that a difference
in organ site does not underlie the differing results. Interestingly, animals expressing mutant
K-Ras in the small intestine also fail to develop Paneth cells, suggesting that oncogenic K-
Ras impinges upon pathways that control differentiation (Fig. 2D) [48].

Mouse models of endogenous K-Ras activation have also provided insight into the signaling
pathways that function downstream of mutant K-Ras to control proliferation. Hyperplastic
growth in both Fabpl4X@-132-Cre ; KrasLSL-G12D/+ and Villin-Cre ; KrasLSL-G12D/+ animals
was associated with activation of the Raf Mek Erk signaling cascade [22, 46, 47].
Interestingly, phosphorylated Mek was detected throughout the intestinal epithelium, but
phosphorylated Erk was detected only in the upper part of the crypts, outside of the
proliferative zone [22, 46]. Nevertheless, treatment of Fabpl4X@-132-Cre ; KrasLSL-G12D/+

animals with CI-1040, a pharmacologic inhibitor of Mek, suppressed colonic epithelial
hyper-proliferation and caused a return to normal histology [22]. These observations suggest
that mutationally activated K-Ras promotes proliferation and hyperplasia through Mek and,
possibly, independently of Erk.
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Another interesting observation from Fabpl4X@-132-Cre ; KrasLSL-G12D/+ animals was a
significant suppression of Akt phosphorylation compared to wild-type, suggesting that
mutant K-Ras negatively regulates PI3K signaling in this setting [22]. Although this result
contrasts the historical view of PI3K as a direct effector of mutant RAS, epidemiological
studies support the idea that PI3K is not a K-RAS effector in the context of CRC. Activating
mutations in PIK3CA, the p110 catalytic subunit of PI3Kα, are often coincident with K-RAS
mutations in primary human CRC [11].

As discussed above, in cultured CRC cells, oncogenic K-RAS paradoxically promotes
stress-induced apoptosis. This phenomenon holds true in vivo as well. For example, Villin-
Cre ; KrasLSL-G12D/+ animals exhibit an increased frequency of spontaneous apoptosis in the
distal colon and Fabpl4X@-132-Cre ; KrasLSL-G12D/+ mice were highly sensitive to colonic
epithelial apoptosis induced by dextran sodium sulfate (DSS) treatment [22, 46]. These data
support the notion that the oncogenic effects of K-Ras activation are context-dependent and
suggest that mutant K-Ras may not contribute to tumorigenesis in the context of a chronic
apoptotic stimulus (e.g. inflammation). Consistent with this notion, KRAS mutations are
reported to be less frequent in CRC that arises in a background of ulcerative colitis (UC)
compared to CRC from the general population [49, 50].

Taken together, studies using animals expressing endogenous levels of mutant K-Ras in the
intestinal epithelium indicate that activated K-Ras promotes hyperplasia. Importantly, the
activation of K-Ras on its own is insufficient to induce neoplasia in the mouse intestinal
epithelium. This observation is consistent with the paradigm of colorectal cancer as a
multistep process that requires cooperating mutations and epigenetic events targeting several
oncogenes and tumor suppressor genes.

Cooperation between mutant K-Ras and Apc
Molecular genetic studies of human tumors and phenotypic analyses of animal models
indicate that, unlike in pancreatic and lung cancer, K-Ras activation does not act as an
initiating event in CRC. Instead, mutation of K-Ras is more commonly a progression event
that occurs in the context of an adenoma that has activated the Wnt signaling pathway via
inactivation of the Adenomatous polyposis coli (Apc) tumor suppressor protein or activation
of the β-catenin oncoprotein [51]. Potential cooperation between activating mutations in K-
Ras and inactivating mutations in Apc was first explored in mouse models in a cross
between Villin-KrasG12V animals and those carrying a targeted hypomorphic allele of Apc
(Apc1638N/+). Villin-KrasG12V ; Apc1638N/+ animals exhibit reduced lifespan due to a
significant increase in tumor multiplicity when compared with Villin-KrasG12V or
Apc1638N/+ single mutant animals [52]. Moreover, tumors from double mutant animals
exhibit higher rates of proliferation and reduced levels of apoptosis when compared with
single mutant mice, demonstrating strong cooperativity between over-expressed mutant K-
Ras and Apc inactivation in intestinal tumor development [52]. A second study crossed Ah-
Cre ; KrasLSLV12/+ animals with those carrying the ApcMin allele and then injected animals
with βNF to activate K-Ras in the proximal small intestine. While K-Ras activation on its
own had no effect on homeostasis, combined mutation of K-Ras and Apc led to enhanced
tumor invasion [42].

Subsequent studies examined cooperativity between K-Ras and Apc mutations in the colonic
epithelium by crossing Fabpl4X@-132-Cre ; KrasLSL-G12D/+ animals to a strain carrying a
Cre-dependent inactivating allele of Apc (Apc2lox14) [53]. Cre-mediated recombination of
the Apc2lox14 allele induces deletion of exon 14 and, as a result, a frame shift leading to
truncation after amino acid 580 of the Apc protein. As in the Villin-KrasG12V ; Apc1638N/+

study, activation of K-Ras led to a significant increase in the number of colonic tumors in
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Fabpl4X@-132-Cre ; Apc2lox14/+ animals (Fig. 2E) [22]. Yet, while colonic tumors from
Fabpl4X@-132-Cre ; Apc2lox14/+ animals were benign, those from Fabpl4X@-132-Cre ;
Apc2lox14/+ ; KrasLSL-G12D/+ animals were malignant, characterized by the presence of
uniform high-grade dysplasia throughout the tumor and invasion into the underlying smooth
muscle (Fig. 2F) [22]. In addition, colonic tumors from double mutant animals exhibited
distinct morphologic features when compared to tumors from animals expressing wild-type
K-Ras. In essence, mutational activation of K-Ras induced a shift from the development of
benign, pedunculated adenomas to the development of malignant, sessile adenocarcinomas
(Fig. 2E) [22]. These data are all consistent with mutant K-Ras having a major effect on the
differentiation of Apc-mutant colonic epithelial cells. Indeed, all of the epithelial cells from
double mutant tumors expressed markers of intestinal progenitor cells, suggesting that K-
Ras activation locks them into a relatively primitive differentiation state [22].

A limitation of these studies is that the Apc and K-Ras mutations occur very early during
colonic development, owing to the embryonic expression of the Cre transgenes. Indeed, the
increase in tumor multiplicity seen in Apc/K-Ras double mutant animals, relative to Apc
single mutant animals, probably results from an increased likelihood of loss of
heterozygosity at the Apc locus due to the widespread hyperplasia caused by K-Ras
activation [22, 52]. A more accurate model of colorectal cancer would require the ability to
mutate K-Ras and Apc, simultaneously or sequentially, in single crypts of the adult colonic
epithelium. This was accomplished by infecting Apc2lox14/2lox14 ; KrasLSL-G12D/+ animals
with Adenovirus carrying a transgene for Cre recombinase (Adeno-Cre) [54]. Similarly to
the Fabpl4X@-132-Cre ; Apc2lox14/+ ; KrasLSL-G12D/+ experiment, mutant K-Ras strongly
promoted tumor progression in this study. But in contrast, the low tumor multiplicity that
occurred following Adeno-Cre infection allowed the double mutant animals to live long
enough to develop metastatic disease [54]. Currently, the Adeno-Cre infected
Apc2lox14/2lox14 ; KrasLSL-G12D/+ model is the only bona fide mouse model of metastatic
CRC.

One common feature of the mouse models that combine mutations in K-Ras and Apc is that
the double mutant tumors displayed an increase in the levels and nuclear accumulation of β-
catenin when compared with tissues from K-Ras or Apc single mutant animals [22, 42, 52,
54]. This is most likely associated with an increased expression of Wnt target genes, for
example c-Myc. This observation suggests a synergistic role for K-Ras activation and Apc
loss in enhancing the activity of the canonical Wnt/β-catenin signaling pathway, a
phenomenon that has been described in human CRC cell lines as well [55].

While mouse models have effectively recapitulated the phenotypic effects of mutating K-
Ras in colorectal cancers, they have thus far failed to reveal the molecular mechanisms
underlying tumor promotion. In some cases, mutation of K-Ras was associated with
constitutively phosphorylated Erk [52, 54]. Nevertheless, one study demonstrated high
levels of phosphorylated Mek in cancers from Fabpl4X@-132-Cre ; Apc2lox14/+ ;
KrasLSL-G12D/+ mice, but no signs of Erk activation [22]. Inhibition of Mek with CI-1040
did not decrease proliferation in cancers from Fabpl4X@-132-Cre ; Apc2lox14/+ ;
KrasLSL-G12D/+ animals, suggesting that, in contrast to what was observed in Fabpl4X@-132-
Cre ; KrasLSL-G12D/+ mice, Mek is not required for the oncogenic activity of mutant K-Ras
in colon cancers arising in an Apc mutant context [22]. This observation is entirely
consistent with the failure of CI-1040 to elicit a clinical response in cancers that commonly
have K-RAS mutations, although cancers in this particular Phase II trial were not screened
for KRAS genotype [56].

Another therapeutically relevant observation was made in animals in which Adeno-Cre
infection was employed to trigger K-Ras activation and/or Apc inactivation. Colonic tumors
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from Adeno-Cre infected animals were found to have active mTOR signaling, regardless of
K-Ras genotype, as ascertained by the levels of phosphorylated S6 protein [54]. The levels
of phosphorylated S6 were reduced by treatment with the mTOR inhibitor rapamycin.
Interestingly rapamycin treatment reduced the size of tumors expressing wild-type K-Ras,
but had no effect on the growth of tumors expressing K-RasG12D [54]. Thus, while the
presence of an oncogenic K-Ras allele did not appear to alter signaling through the mTOR
pathway, it did confer resistance to inhibition of mTOR signaling. This observation is
similar to what is observed in the clinic, where K-RAS mutations correlate with resistance to
targeted therapies, such as inhibitors of EGFR [14-19]. This mouse model may constitute a
good system for studying the effects of mutant K-Ras on response to targeted therapies.

Cooperation between mutant K-Ras and Ink4a/Arf
In the late 1990’s, over-expression of mutationally activated H-RAS was shown to induce
growth arrest and stabilization of p53 and p16INK4A in cultured fibroblasts, a phenomenon
now called oncogene-induced senescence (OIS) [57]. Over the ensuing decade, a debate
emerged as to whether OIS was a cell culture artifact or whether it was restricted to
instances of RAS over-expression, but endogenous activated K-Ras was subsequently shown
to induce OIS in a mouse model of lung cancer [40]. The hyperplasic colonic epithelium
seen in Villin-Cre ; KrasLSL-G12D/+ animals expresses high levels of Ink4a and is positive
for senescence-associated β-galactosidase (SAβgal) activity, a hallmark of OIS [47].
Moreover, when Villin-Cre ; KrasLSL-G12D/+ animals are crossed to Ink4a null mice, they
develop adenomas with a serrated morphology [47]. These data suggest that, in an in vivo
setting, mutant K-Ras is incapable of initiating neoplasia because it induces a senescence
response. It remains unclear how this study integrates with those studying the interaction
between Apc and K-Ras, since mutant K-Ras has not been reported to induce OIS in Apc-
mutant tumors and activation of Wnt has not been demonstrated to overcome senescence.
Perhaps, as the authors suggest, K-Ras/Ink4a represents an alternate route to tumorigenesis
in the colon.

Cooperation between mutant K-Ras and Tgfbr2
Mutational inactivation of Transforming Growth Factor beta Receptor II (TGFBR2) occurs
in approximately 30% of all CRCs [58]. Owing to a mononucleotide repeat in the coding
region, the TGFBR2 gene is highly sensitive to loss of DNA mismatch repair, and thus it is
mutated in approximately 80% of CRCs with microsatellite instability (MSI+) [59].
Mutations in TGFBR2 are associated with an increase in cell proliferation and with a higher
angiogenic potential [60]. Mice expressing K-RasG12D (Villin-Cre ; KrasLSL-G12D/+) in a
Tgfbr2 null background exhibit an increase in the colonic crypt length and an expansion of
the proliferative compartment of the crypt when compared with wild-type mice [48]. While
these phenotypes are likely attributable simply to the expression of activated K-Ras, the
Tgfbr2/K-Ras double mutant animals also develop invasive adenocarcinomas that
metastasizes to the regional lymph nodes or lungs [48]. A major difference between this
model and those that we described previously is that tumors from Tgfbr2/K-Ras animals
appear to arise without any obvious activation of β-catenin, suggesting that mutant K-Ras
may act as a modifier of Wnt signaling only in the presence of a primary mutation within the
Wnt pathway [48]. Similar to some of the Apc/K-Ras models, tumorigenesis in Tgfbr2/K-
Ras double mutant animals is associated with a lack of Erk activation and an apparent down-
regulation of PI3K signaling [48]. In addition, increased levels of the EGFR ligand
epiregulin were observed in tumors from Tgfbr2/K-Ras double mutant animals, suggesting
that mutant K-Ras induces an autocrine feed-forward loop in the absence of Tgfbr2 [48].
This K-RAS Epiregulin EGFR feed-forward loop was also found to play an important
role regulating proliferation in HCT-116 cells, which are mutant for TGFBR2 [61].
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Conclusion
Mutational activation of K-RAS is among the most significant genetic events in the
progression of CRC, both in terms of its prevalence and also because of its effect on the
response to cancer therapies. While K-RAS mutations were first identified in CRC over two
decades ago, targeted therapies for K-RAS mutant cancer are still lacking. As a result,
knowledge of the K-RAS mutational status of a given tumor is currently useful only for its
negative predictive value. The development of novel therapies to treat K-RAS mutant CRC
relies upon a better understanding of the molecular mechanisms underlying the pleiotropic
oncogenic phenotypes associated with activated K-RAS, which will ultimately require the
integration of detailed mechanistic studies performed in cell lines and mouse models. In the
end, given the multi-dimension nature of its effects, a therapy that targets K-RAS directly or,
more likely, combination therapies will be required to counteract the action of this
oncoprotein.
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Fig 1.
Properties of mutant K-RAS revealed by analysis of isogenic human CRC cell line pairs.
Oncogenic K-RAS engages both pro-tumorigenic pathways (shaded in blue) and,
paradoxically, anti-tumorigenic pathways (shaded in red). Arrows represent both direct and
indirect interactions.

Velho and Haigis Page 14

Exp Cell Res. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Phenotypic effects of Kras mutations in mice. (A) Histology of the small intestinal
epithelium from an adult wild-type <-> Kras−/− chimeric animal. The Kras null component
is labeled with LacZ. There is no effect of K-Ras deficiency on the development of the
intestinal epithelium. (B) Wholemount view of a large ACF (outlined in white) from a
KrasLA/+ animal. The tissue is stained with methylene blue to highlight the ACF. (C)
Scanning electron microscopy (SEM) of colonic tissue from an Fabpl4X@-132-Cre ;
KrasLSL-G12D/+ animal. Because Cre expression is mosaic, both wild-type and K-Ras mutant
tissue areas are observed. The wild-type colonic tissue (outlined in red) exhibits a smooth
appearance, while the tissue expressing K-RasG12D exhibits a cerebriform morphology.
SEM courtesy of Paul Appleton and Inke Näthke, University of Dundee. (D) Fluorescent
immunohistochemistry for lysozyme (Lys), which marks Paneth cells at the base of the
small intestinal crypt. Wild-type crypts have several Lys-positive cells near the base, but
crypts expressing K-RasG12D have no mature Lys-expressing Paneth cells. (E) Colonoscopy
of Fabpl4X@-132-Cre ; Apc2lox14/+ and Fabpl4X@-132-Cre ; Apc2lox14/+ ; KrasLSL-G12D/+

animals. Pedunculated tumors (P) are indicated with black arrows. A sessile tumor (S) is
indicated with a red arrow. (F) Histology of colonic tumors from Fabpl4X@-132-Cre ;
Apc2lox14/+ and Fabpl4X@-132-Cre ; Apc2lox14/+ ; KrasLSL-G12D/+ animals. Tumors
expressing wild-type K-Ras (top panel) are well differentiated, but those expressing mutant
K-Ras (bottom panel) are poorly differentiated and highly dysplastic.
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