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Abstract Deaths caused by colorectal cancer (CRC) are
among the leading causes of cancer-related death in the
United States and around the world. Approximately
150,000 Americans are diagnosed with CRC each year
and around 50,000 will die from it. Mutations in many key
genes have been identified that are important to the
pathogenesis of CRC. Among the genes mutated in CRC,
RAS and RAF mutations are common events. Both RAS
and RAF are critical mediators of the mitogen-activated
protein kinase (MAPK) pathway that is involved in
regulating cellular homeostasis, including proliferation,
survival, and differentiation. In this review, we provide a
historical perspective and update on RAS/RAF mutations
as related to colorectal cancer. Additionally, we will review
recent mouse models of RAS and RAF mutations that have
an impact on CRC research.
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Introduction

The high incidence and mortality rate makes colorectal
cancer (CRC) a major health care concern in the US and
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around the world. Research pertaining to the pathogenesis
and treatment of CRC is therefore of utmost importance. As
with other cancers, CRC is a genetic disease involving
many known mutations, which are classified as tumor
suppressor genes or oncogenes. Tumor suppressors act as
checkpoints in the cell cycle to keep cells under strict
physiological control. Mutations in genes encoding tumor
suppressors result in hyperproliferation and deregulated cell
cycle control. The other major mutational events in cancers
are those that occur in oncogenes. These are often
activating mutations in genes that are also involved in
cellular homeostasis. In particular, the most common
activating mutation in CRC occurs in the RAS gene. This
change transpires in about 50% of most CRCs [le¢]. In
addition, mutations in RAF that is downstream from RAS,
are gaining importance in the pathogenesis of CRC. Here
we review the recent progress on the roles of RAS and RAF
in CRC.

Mitogen-Activated Protein Kinase Signaling Cascade

Mitogen-activated protein kinase (MAPK) signaling is
essential for maintenance of the normal physiological
processes including proliferation and differentiation. This
intracellular MAPK signaling network is complex and
involves a large number of intermediates. An important
component of this network is the RAS signaling pathway.
The canonical RAS pathway includes the key mediators
RAS and RAF proteins along with the intracellular signal
kinases, mitogen extracellular kinase (MEK) and extracel-
lular signal-related kinase (ERK).

The RAS family of proteins were initially isolated and
identified as Rat Sarcoma factors. This family credits its
origin as the first oncogene discovered. The RAS super-
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family consists of several members including Ras, Rab,
Rho, Arf, and Ran sub-families. The RAS family of
proteins includes KRAS, HRAS, NRAS, ERAS, MRAS,
and RRAS, all of which have been characterized. The RAS
proteins are monomeric 21-kDa proteins that have a high
degree of homology, especially in their amino-terminal and
carboxyl-terminal domains, while still maintaining unique
functions [2]. These proteins function as GTP/GDP-binding
signal transducing molecules from the cell surface to the
nucleus. They fluctuate between inactive GDP-bound and
active GTP-bound states to achieve cell signaling. These
proteins eventually help in the regulation of essential cell
physiological functions such as proliferation and survival
[2, 3].

RAS is normally present in the inactive GDP-bound
form, which can be activated by external stimuli, such as
the presence of mitogens, cytokines, and growth factors.
Binding of ligands to receptor tyrosine kinases (RTKSs)
results in the dimerization of the receptor. This activated
receptor then binds to Grb2 protein either directly or
through other mediator proteins. Intracellular Sos protein
is then recruited to the cell surface through interaction with
Grb2. Sos displays GEF (guanine nucleotide exchange
factor) activity as part of the RTK-Grb2-Sos complex.
This complex then binds to RAS-GDP, resulting in the
dissociation of GDP. Nucleotide-free RAS preferentially
binds to GTP to activate a downstream signaling cascade
[4]. GTP-bound RAS activates a whole spectrum of
kinases that carry the signal from the membrane toward
the nucleus. On the contrary, another class of proteins,
RAS-GAPs (RAS-GTPase-activating proteins), deacti-
vates this signaling pathway by removing GTP from the
activated RAS molecule.

Activated, GTP-bound RAS protein directly binds and
interacts with RAF, which belongs to a family of kinases
comprising of three main isoforms: A-RAF, B-RAF, and
C-RAF (RAF-1). Unlike the RAS family molecules, the
RAF proteins can dimerize. These are cytosolic, serine/
threonine protein kinases that lie dormant in the inactive
form by binding to 14-3-3 proteins. The RAF molecules are
then recruited to the cell surface upon activation of RAS-
GTP. Upon interaction of RAF with the RAS-GTP
molecule, a series of phosphorylation events releases the
inhibition of RAF by 14-3-3. Activation of RAF leads to
heterodimerization among the RAF isomers. The active
RAF heterodimer then recruits, binds, and activates a
scaffolding protein called KSR1 (kinase suppressor of
RAS1). Initially, the KSR1 protein is also bound to 14-
3-3 in the cytoplasm and maintained in an inactive state.
Upon RAS/RAF activation, inhibition of KSR1 is removed
and it is mobilized to interact with RAF heterodimers.
MEK and ERK are downstream substrates/activators of the
RAS signaling pathway. Both MEK and ERK are recruited
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to interact with the KSR1 scaffolding protein. RAF exerts
its kinase activity by phosphorylating MEK, which in turn
is activated and phosphorylates ERK. Phosphorylated ERK
is then translocated to the nucleus where it activates a host
of proliferative and survival signals [4].

The normal function of the MAPK signaling pathway is
to maintain cellular homeostasis. Mutations in components
of the pathway lead to signal imbalance and can potentially
result in cancer formation. Activating mutations in the
MAPK pathway occur in about 30% of all cancers. Among
those mutations, a majority (~50%) occur in the RAS gene.
A comprehensive review that describes mutational changes
and pathway modifications in various cancers has been
recently published [5e].

RAS Oncogene

RAS proteins were the first to be isolated from cancers and
subsequently characterized as oncogenes. As previously
described, the RAS family is comprised of many members
sharing a high degree of homology. The members that have
been well characterized include KRAS, HRAS, NRAS,
ERAS, MRAS, and RRAS.

The most interesting paradox within RAS mutational
research is the physiological disparity upon its expression
in primary cells when compared with immortalized cells.
Immortalized cells are defined as those that do not respond
to the Hayflick limit, which is the number of times a diploid
cell can duplicate before it ceases to divide and undergoes
senescence, or cell cycle arrest [6]. The senescence event
was later shown to be due to telomere shortening as cells
age [7]. This holds true in the case of primary and pre-
cancerous cells cultured in vitro and is known as replicative
senescence [8].

Earlier reports suggested that cellular immortality was
essential for complete transformation by the RAS onco-
gene, specifically HRAS [9]. Oncogenic RAS expression in
primary human and rodent cells results in G; arrest in the
cell cycle [10]. The studies were performed using human,
mouse, and rat fibroblasts retrovirally transfected using the
oncogenic H-RASY'? gene. The primary fibroblasts devel-
oped a flattened, enlarged phenotype and overexpressed
p53, p21, and pl6™®*% Transfecting the primary fibro-
blasts with E1A was sufficient to rescue them from RAS-
induced G, arrest [10]. It was later shown that both
constitutive MEK/MAPK signals were essential to trigger
this premature senescence [11, 12]. Recent reports have
suggested that expression levels of RAS can determine the
outcome of senescence. Expression of RAS from the
endogenous promoter did not induce senescence, but
overexpression led to low-grade tumors with enhanced
senescence [13ee].
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The Hayflick limit can be overcome by immortalizing
cells with introduction of foreign DNA, including but not
restricted to specific oncogenes [8]. Cancer cells have
attained mechanisms to avoid telomere shortening, includ-
ing telomerase overexpression and alternative lengthening
of telomeres (ALT) [14]. Recent studies have suggested that
tumors with induced oncogenic RAS levels are suspended
at a low grade until mutations in other genes such as
CDKN2A or p53 [13ee].

Mutations in RAS Family in Colorectal Cancers
KRAS Gene Mutations

RAS signaling pathway mutations are common in colorec-
tal cancer. However, among several members of this
pathway, KRAS and B-RAF seem to be mutated in more
than 60% of such cancers [15].

The c-KRAS (Kirsten Rat Sarcoma cellular) gene maps
to chromosome 12p12.1 in the human genome. It is the
cellular analog of the oncogenic KRAS gene, which is
represented as v-KRAS (Kirsten Rat Sarcoma viral homo-
log) [16]. v-KRAS was subsequently shown to possess the
ability to transform mouse fibroblasts cells (NIH3T3) [17].
The v-KRAS gene was also isolated from cDNA clones in
human libraries and identified as two isoforms, KRAS1 and
KRAS2 [18]. KRAS2 was also identified in a human
colorectal carcinoma cell line, SW480, and subsequently
several other cancer cell lines [19]. The KRAS1 gene was
found to be a pseudogene, which was derived from KRAS2
mRNA processing. KRAS2 was initially reported to contain
four exons, with the fourth exon having two forms:
KRAS4A and KRAS4B [20]. The gene has since then
been updated and found to contain six exons, with exon 5
alternatively spliced to generate two splice variants,
KRASA and KRASB [21]. Targeted homozygous deletion
of the mouse KRAS gene resulted in embryonic lethality
between E12.5 and term [22]. In contrast, homozygous
deletions in mouse HRAS or NRAS genes did not result in
any significant phenotypic or viability changes [23].

Mutations in the KRAS gene are the most common
among the RAS mutations in cancer. Reddy et al. [24] and
Taparowsky et al. [25] were among the first to describe
codon 12-point mutation in the HRAS gene in bladder
cancer cells. Similarly, codon 61 mutations in the HRAS
gene were described in lung cancer cells [26]. Feig et al.
[27] initially found that KRAS was mutated in tumor cells
of a human patient with ovarian cancer but not in normal
ovarian cells. It was subsequently found that similar
mutations in codon 12 [28, 29] and codon 61 [29] were
present in the KRAS gene. Another mutation that is
prevalent among the RAS genes occurs in codon 13. This

was first shown in the NRAS gene in leukemia [30].
Additional mutations in the KRAS gene have been
described. Mutations in codons 14, 58, and 153 have been
identified in patients with Noonan syndrome [31], charac-
terized by short stature, short neck with webbing, cardiac
defects, and hypertelorism. Among these mutations,
changes in codons 14 and 58 showed hyperactive RAS
phenotypes, including decreased GTPase activity and
increased sensitivity to growth factors [31].

The most prevalent KRAS mutations in colorectal cancer
occur at codons 12 and 13, with mutations in codon 61
occurring at a lower frequency. A clinical analysis in
matched tumor and normal samples from 160 untreated
patients examined KRAS mutational changes by sequenc-
ing [32]. KRAS mutations were observed in 46% of the
total colorectal carcinomas, out of which 54% contained
mutations in codon 12 and 42% in codon 13. The study
classified codon 12 mutations as occurring in mucinous
types of colorectal cancer while codon 13 mutations
resulted in more aggressive tumors [32].

Epidermal growth factor receptor (EGFR) is an impor-
tant molecule involved in cancer biology and therapy. It is a
growth factor—dependent receptor tyrosine kinase that is
involved in a host of critical cellular responses, including
growth, survival, and proliferation [33, 34-]. Disorders in
the EGFR gene are common in many types of cancers. Both
increased EGFR expression and elevated gene copy
numbers are seen in colorectal cancers [33]. EGFR-
mediated signaling is mainly routed through two pathways:
RAS-RAF and phosphatidylinositol 3-kinase (PI3K). The
PI3K pathway involves AKT-mediated cellular responses
[34¢]. Several cancer therapies are based on EGFR-targeted
antibodies in conjunction with radiation or chemotherapy.
Recent clinical studies have suggested the importance of
maintaining the normal (wild-type) KRAS status when
treating patients with antibodies against EGFR [35, 36].
Yen et al. [36] reported reduced progression-free survival
and overall survival in patients having an activating
mutation in KRAS compared to those having wild-type or
nonactivating mutations in KRAS. Arnado et al. [35]
reported that a human EGFR-specific antibody, panitumu-
mab, was more efficacious when in patients with wild-type
KRAS tumors compared to those with activating KRAS
mutations.

An accompanying review paper in this issue of
Current Colorectal Cancer Reports provides excellent
details on the advances made in the diagnosis and
treatment of colorectal cancer. The authors have also
presented an exhaustive analysis on current colon cancer
prognostic and predictive biomarkers [37]. This review
contains recent reports published on the prognostic status
of KRAS and B-RAF mutations in CRC with relevance to
drug treatment [37].
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Mouse Models of KRAS-Mediated Colorectal Cancer

The first mouse model for transgenic KRAS activation was
developed using a fusion gene approach. A mutated KRAS
gene (KRAS'?Y; glycine to valine change in codon 12)
was fused to the rat thyroglobulin promoter to direct
expression in the thyroid gland of the transgenic mice
[38]. Tissue-specific expression of mutated KRAS was
confirmed using a chloramphenicol acetyl transferase
(CAT) reporter gene. Upon expression of the mutated
KRAS gene, the mice developed thyroid abnormalities or
lesions around 12 months of age. However, the very low
incidence of these thyroid lesions in addition to the long
latency period suggested that KRAS mutations were
capable but not sufficient to drive thyroid malignancies.
However, the number of lesions was significantly enhanced
when the animals were treated with an agonist to elevate
hormonal secretion [38].

Expression of KRAS®'?V (also referred to as
KRASY'?) in the gut epithelium did not result in any
significant abnormalities [39]. Specifically, mice that
expressed mutated KRAS from the intestinal fatty acid
binding protein (Fabpi) gene promoter (which drives
specific expression in the postmitotic enterocytes along
the villus region of the small intestine) did not show
differences in gut proliferation or differentiation. In
contrast, significant intestinal dysplasia was observed
when the SV40 T-antigen was co-expressed along with
KRAS directed by the Fabpi promoter [39].

Targeted insertion of oncogenic KRASY'?P (glycine to
aspartic acid substitution in codon 12) mutation was carried
out using homologous recombination in mouse embryonic
stem cells [40]. The mutant mice had decreased survival
rates along with increased tumor burden, mainly in the
lungs. The tumor burden and size steadily increased with
age, eventually resulting in death due to respiratory distress.
Other areas of tumorigenesis included thymus, skin, and
kidney but not colon or pancreas. The authors of the study
suggested that the differential tumor spectrum was poten-
tially due to varying frequencies of recombination, sensi-
tivity of tissues, or lack of effect on certain tissues [40].

Tissue-specific expression of exogenous genes has been
achieved using the Cre-LoxP system. An earlier study
expressed the SV40 large T-antigen gene specifically from
the mouse xA-crystallin promoter that led to the formation
of lens tumors [41]. Since then, several groups have had
enormous success in recapitulating the Cre-LoxP system for
specific expression in the intestinal epithelium. Three
models have been widely cited, Fabpl-Cre, Villin-Cre, and
Ah-Cre [1e°].

The Fabpl-Cre mouse comprises of promoter elements of
the rat liver fatty acid binding protein (Fabpl) gene
preceding the Cre recombinase [42]. This mouse displayed
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small intestinal, colonic, bladder, and ureter epithelial Cre-
recombinase expression beginning from embryonic day
13.5. The Villin-Cre mouse model was independently
developed by two groups. Cre recombinase expression in
intestinal epithelial cells was driven by the 9-kb regulatory
region of the mouse villin gene [43]. Cre expression was
turned on in the intestinal epithelial cells from embryonic
12.5 dpc (days post coitus). Recombinase expression was
also located in the proximal kidney epithelial cells.
Subsequently, another group developed a Villin-Cre mouse
that was driven by the 12.4-kb mouse villin promoter [44].
This mouse was reported to recapitulate the endogenous
expression of villin in the intestinal epithelial cells.
Lastly, the cytochrome p4501A1 (CYP1Al) promoter
element was used to control Cre expression in the AhCre
transgenic model [45]. Cre recombinase expression from
this mouse was detected in the intestine, liver, pancreas,
gall bladder, and stomach. The cytochrome p450 promoter
was normally transcriptionally silent but was induced in
response to treatment with lipophilic compounds, such as
3-napthoflavone [45]. Inducible tissue-specific Cre
expression has also been developed using the other two
previously discussed promoters. A reverse tetracycline-
regulated transactivator (rtTA) was used to generate
inducible Fabpl-Cre mice [42]. A tamoxifen-activated
estrogen receptor (ER) driven inducible villin-Cre expres-
sion was developed [46]. All three models have been used
to drive oncogenic KRAS expression in intestinal epithe-
lial cells.

As discussed earlier, targeted oncogenic KRAS expres-
sion in mice did not display small intestinal or colonic
adenomas [40]. These mice did show early signs of
dysplasia, mainly in the form of aberrant crypt foci (ACF)
[40]. A recent study observed a muted effect of adenoma-
tous polyposis upon oncogenic KRAS overexpression
targeted to the intestinal epithelium [47]. Villin-controlled
expression of oncogenic KRAS®'?Y led to increased
MAPK activity in the intestinal epithelial cells [47]. A
majority of these mice developed intestinal lesions ranging
from ACFs to adenomas. The lesions were few in number
and the mice were able to survive over 9 months of age
[47].

The Lox-Stop-Lox (LSL)-KRAS®'?P conditional mutant
strain has helped to create a more physiologically based
approach for transgenic analysis [48]. In this mutant, the
mutated KRAS gene is “knocked in” the wild-type KRAS
allele but is silenced due to the presence of an upstream
stop codon. In the presence of Cre recombinase, the stop
codon is removed, resulting in activation of the mutated
KRAS allele from the endogenous locus [48]. This
approach has been used to express mutant KRAS protein
in the intestinal and colonic epithelia using Fabp-Cre [49].
All of the mice that showed expression of the oncogene
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displayed diffused hyperplasia and dysplasia visible from
4 weeks of age. These mice also showed increased
proliferative cells in the normal epithelia, but no significant
changes in the MAPK pathways were observed [49]. A
subsequent study involved floxed KRAS mice crossed with
the Villin-Cre mouse [50¢]. These mice showed the
capacity to develop spontaneous ACFs similar to the
Fabp-Cre floxed KRAS mice [49]. The authors further
delineated the ACFs formed in the proximal and distal
colon. They report that the ACFs formed in the proximal
colon have the capability to develop into adenomas upon
azoxymethane (AOM) treatment, but this characteristic is
deemed to be missing among ACFs formed in the distal
colon [50¢].

The same LSL-KRAS mouse was also employed
using the AhCre model, in the intestinal epithelium
[51]. B-Naphthoflavone treatment in the double transgenic
mice led to increased expression of oncogenic KRAS in
both the intestine and the liver. However, these mice
displayed no change in proliferation or apoptosis levels
and crypt heights. These mice also showed no major
migration or differentiation defects [S1].

RAF Gene Mutations and Mouse Models

RAF is a MAP kinase kinase kinase (MAP3K) protein that is
phosphorylated and stimulated by activated RAS. Its main
purpose is to act as a mediator in the activation of MEK1/2
proteins that are directly upstream of ERK. RAF kinase protein
appears as isoforms A-RAF, B-RAF, and C-RAF (RAF-1). C-
RAF has two separate phosphorylation sites that are activated
by RAS upon recruitment to the cell surface. However, B-RAF
phosphorylation appears to be constitutive and independent of
RAS activation [52]. B-RAF is a stronger inducer of MEK
phosphorylation when compared to A-RAF. A-RAF and C-
RAF proteins were both reported to be weakly stimulated by
oncogenic RAS as compared to oncogenic Src [52]. These
two RAF isoforms require the presence of RAS-GTP on the
cell membrane for their activation. In comparison, B-RAF
protein only requires the stimulatory signals that activate
RAS-GTP instead of the active complex [52].

Similar to RAS, RAF mutations are quite common in
cancers, including malignant melanomas, colorectal cancer,
and papillary thyroid cancers. It was previously found that
mutations in the B-RAF gene were prevalent in several
cancers including melanomas, colorectal cancers, and ovarian
tumors [53, 54]. Out of these mutations, the T1796A
mutation resulting in a valine to glutamic acid change at
position 599 (now re-characterized as position 600; V600E)
is the most common, occurring more than 80% of the time
[53]. Tumors that exhibit V60OE mutation in the RAF gene
were mutually exclusive from those that display KRAS-
activating mutations. Activation of RAF and its targeting for

treatment in cancers has been elegantly compiled in two
recent reviews [55, 56e¢¢]. Other RAF pathway mutations
have been observed. A recent report identified over 30
mutations of B-RAF protein in human cancers, with 18 of
them showing increased kinase activity [57]. Most of these
mutations are clustered in two domains that interact with a
C-RAF inhibitor, BAY43-9006. They also showed that four
B-RAF mutants (G466E, G466V, G596R, and D594V) had
lower activity than wild-type B-RAF [57].

Mouse models of B-RAF activation have been recently
created and investigated [58¢¢]. A transgenic mouse that
stimulates B-RAF V600E mutation expression has been
developed using the Lox-STOP-Lox system. This mouse has
a stop codon inserted within the B-RAF gene flanked by two
LoxP sites [59]. Upon Cre-recombinase activation, tissue-
specific B-RAF V600E expression can be achieved. Wide-
spread activation of mutated B-RAF expression was not
tolerated. These mice were found to be embryonic lethal,
dying at 7.5 dpc [59]. The authors used an Mx1-Cre mouse
line to generate mutations. This promoter is induced by
administration of interferons (o« and 3) or synthetic double-
stranded RNA. Interferon-treated Mx1-Cre B-RAF V600E
mice developed bone marrow failure and proliferative
disorder, leading to death within 4 weeks of age. The mice
also presented with evidence of histiocytic nonlymphoid
neoplasia [59]. However, the authors reported that there was
no change in cellular proliferation among somatic tissues.
Another study reported the development of lung adenomas
after intranasal administration of adenovirus-Cre [60]. These
adenomas were significantly retarded upon pharmacological
treatment with drugs that affect MAPK signaling. These
adenomas did not progress to adenocarcinomas without
further mutational events [60]. A recent study described a
mouse model with B-RAF D594A mutation [61¢]. This
mutation does not have increased kinase activity but has the
ability to activate C-RAF. The study reported the mice did
not develop tumors but showed increased aneuploidy in the
mouse splenocytes and embryonic fibroblasts [61¢]. C-RAF
defective mice have also been generated. The mice that
contained a C-RAF D486A mutation showed decreased
kinase activity and increased levels of apoptosis [62].

A study performed on RAF mutants in human cancers
showed that three mutations (G466E, G466V, and G596R)
induce the MAPK signaling cascade by activating C-RAF
protein [63]. Several recent reports have emerged that have
efficiently linked B-RAF and C-RAF activities in relation to
oncogenic RAS [61e, 64, 65¢]. Heidorn et al. [64] reported a
model to support oncogenic RAS-mediated tumorigenesis in
the presence of a kinase-dead B-RAF. Treatment with B-
RAF inhibitors drove the attachment of B-RAF to C-RAF
and subsequent activation of MAPK signaling. This binding
of B-RAF and C-RAF took place only in the presence of
oncogenic RAS and resulted in the formation of melanomas
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[64]. Poulikakos et al. [65¢] reported the inhibition of ERK
signaling with RAF inhibitor treatment in tumors containing
mutant B-RAF. Tumors that had wild-type B-RAF
conversely displayed enhanced ERK signaling [65¢].
The study reported that ERK activation occurred due to
drug binding to the kinase domain of one protomer of
RAF dimers. Drug treatment inhibited the kinase domain
of one protomer in RAF dimers, leaving the other kinase
domain free for downstream activation [65¢]. Their model
suggested that the enhancement of RAF dimerization by
either wild-type RAF or oncogenic RAS led to increased
activity in inhibitor-treated mutant B-RAF tumors.

Conclusions

Numerous genetic mutations are involved in CRC. Acti-
vating mutations in oncogenes are sufficient to elicit
tumorigenic responses. The RAS oncogene is among the
first oncogenes to be discovered over 40 years ago. RAS/
RAF mutations prevail in over 25% of all tumors, 50%
when considering CRC alone. Recent studies have elucidated
the mechanisms involved in RAS/RAF activation both during
normal cellular homeostasis and during tumorigenesis. Sev-
eral mouse models of the activated RAS/RAF isoforms and
pathway intermediates exist. These models have assisted in
understanding the consequences of both amino acid substitu-
tion and deletion mutations of RAS/RAF that are present in
clinical CRC. In the case of RAS and RAF mutations, most of
the mutational changes do not necessarily result in tumori-
genesis. Such mutations contribute to cancer by disruption
and dysregulation of the normal physiological apparatus.
Several recent reports have also suggested a strong coopera-
tive role among RAS and RAF isoforms in regulating drug
sensitivity. In conclusion, both animal models and targeted
approaches based on RAS/RAF signaling pathways have
helped improve clinical management of CRC.
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