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A B S T R A C T

Cancer development is usually driven by multiple genetic and molecular alterations rather than
by a single defect. In the human colorectal cancer (CRC), series of mutations of genes are in-
volved in the different stages of tumorigenesis. For example, adenomatous polyposis coli (APC) and
KRAS mutations have been known to play roles in the initiation and progression of the tumor-
igenesis, respectively. However, many studies indicate that mutations of these two genes, which
play roles in the Wnt/β-catenin and RAS-extra-cellular signal regulated kinase (ERK) pathways,
respectively, cooperatively interact in the tumorigenesis in several different cancer types in-
cluding CRC. Both Apc and Kras mutations critically increase number and growth rate of tumors
although single mutation of these genes does not significantly enhance the small intestinal tu-
morigenesis of mice. Both APC and KRAS mutations even result in the liver metastasis with
inductions of the cancer stem cells (CSCs) markers in a mice xenograft model. In this review, we
are going to describe the history for interaction between the Wnt/β-catenin and RAS/ERK
pathways especially related with CRC, and provide the mechanical basis for the cross-talk be-
tween the two pathways. The highlight of the crosstalk involving the stability regulation of RAS
protein via the Wnt/β-catenin signaling which is directly related with the cellular proliferation
and transformation will be discussed. Activation status of GSK3β, a key enzyme involving both β-
catenin and RAS degradations, is regulated by the status of the Wnt/β-catenin signaling de-
pendent upon extracellular stimuli or intracellular abnormalities of the signaling components.
The levels of both β-catenin and RAS proteins are co-regulated by the Wnt/β-catenin signaling,
and these proteins are overexpressed with a positive correlation in the tumor tissues of CRC
patients. These results indicate that the elevation of both β-catenin and RAS proteins is patho-
logically significant in CRC. In this review, we also will discuss further involvement of the in-
crements of both β-catenin and RAS especially mutant KRAS in the activation of CSCs and me-
tastasis. Overall, the increments of β-catenin and RAS especially mutant KRAS by APC loss play
important roles in the cooperative tumorigenesis of CRC.

1. The Wnt/β-catenin pathway and cancer

The Wnt/β-catenin signaling pathway, which is often called as the canonical Wnt pathway, is activated by the combinatory
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binding of the multiple Wnt ligands to the Frizzled (FZD) receptors at the cell surface, and these membranous signaling events are
complicated and poorly illustrated. In the resting status without significant Wnt stimuli, the cytosolic β-catenin subjects to the
degradation via formation of the “β-catenin destruction complex” composed of the scaffolding protein Axin, tumor suppressor
adenomatous polyposis coli (APC), casein kinase 1 (CK1), and glycogen synthase kinase 3 beta (GSK3β) (MacDonald et al., 2009). The
priming phosphorylation of β-catenin by CK1 and subsequent phosphorylations by GSK3β allow the recruitment of the E3 ligase
linker β-TrCP, subsequently resulting in the degradation of β-catenin via the polyubiquitinylation-mediated proteasomal degradation
(Amit et al., 2002; Liu et al., 2002) (Fig. 1). In the activation status, increased extracellular Wnt ligands bind to the FZD receptors
together with the low density lipoprotein receptor-related protein (LRP) family receptors, LRP5/6, and this initiates activation of the
Wnt/β-catenin signaling. The LRP5/6 co-receptors are phosphorylated by the CK1 and GSK3β kinases, which recruit the scaffold
protein Dishevelled (Dvl), resulting in further recruitment of intact axin complex (MacDonald et al., 2009; Tamai et al., 2000)
(Fig. 1). This results in dissociation of the destruction complex followed by cytosolic accumulation of β-catenin via its stabilization
due to absence of its phosphorylations. The β-catenin subsequently translocates into nucleus, forms the complex with the T cell factor
(TCF) or lymphoma enhancer factor (LEF), and activates target genes. Currently, around 100 genes have been known as the target
genes for the β-catenin signaling, and many of the genes such as c-Myc (He et al., 1998), c-Jun (Mann et al., 1999), CCND1 (Tetsu and
McCormick, 1999), MMP7 (Brabletz et al., 1999), VEGF (Zhang et al., 2001), and EGFR (Guturi et al., 2012; Tan et al., 2005) are
involved in the activation of proliferation and transformation of cells and cancers including CRC (Fig. 1).

Aberrant Wnt/β-catenin signaling activation is frequently observed in CRC, hepatocellular carcinoma (HCC), gastric cancer, lung
cancer, melanoma, and breast cancer etc. (Clevers and Nusse, 2012; MacDonald et al., 2009; Polakis, 2000; Zhan et al., 2017). The
mutations of the Wnt/β-catenin pathway component genes such as APC or CTNNB1 (encoding β-catenin) frequently occur during

Fig. 1. Overview of the canonical Wnt/β-catenin pathway and gene mutations frequently found in human cancers.
In the absence of Wnt stimuli, the cytosolic β-catenin forms a complex with the destruction complex composed of the scaffolding protein Axin, APC, CK1, and GSK3β.
The β-catenin is phosphorylated by CK1 and GSK3β, and subsequently recruits the E3 linker β-TrCP, resulting in the polyubiquitinylation-dependent proteasomal
degradation of β-catenin (dotted lines). Upon binding of Wnt ligands to the receptor complex composed of Frizzled and its co-receptor LRP5/6, a signaling cascade is
initiated activation of the canonical Wnt/β-catenin signaling. The LRP5/6 co-receptors are phosphorylated by the CK1 and GSK3β, which recruit the scaffold protein
DVL, resulting in recruitment of intact axin complex (solid lines). The cytosolic β-catenin is accumulated by stabilization due to absence of its phosphorylation,
followed by its translocation into nucleus to form an active transcription factor complex with TCF, leading to transcriptional activation of a large set of target genes
including c-Myc, c-Jun, CCND1, EGFR, MMP7, CD44, and LGR5 (solid lines). The mutations of the Wnt/β-catenin pathway component genes such as APC or CTNNB1
frequently occur during tumorigenesis. The loss-of function APC mutations (blue asterisk) occur in several human cancers such as CRC as 90% and gastric cancer,
especially the intestinal type as 70%. The activating β-catenin mutations (red asterisk) are observed 30–40% of HCC, 27% of intestinal type of gastric cancer, and
around 5% of CRC exclusively with the APC mutations. The black arrows with solid line indicate the events which occur in the presence of Wnt stimuli. The black
arrows with dotted line indicate the events which occur in the absence of Wnt stimuli. The red and blue asterisks indicate the events which occur in the gain and loss of
function mutations, respectively. Axin, axis inhibition protein; APC, adenomatous polyposis coli; CK1, casein kinase 1; GSK3β, glycogen synthase kinase 3β; LRP5/6,
low-density lipoprotein receptor-related protein family; DVL, dishevelled; TCF, T cell factor. P, phosphorylation. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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tumorigenesis (Fig. 1). For example, loss of function mutations of APC occur in several different types of human cancers such as CRC
as 90% and gastric cancer, especially intestinal type as 70%, respectively (Lee et al., 2002; Yuasa, 2003). The activating β-catenin
mutations, which are responsible for impaired its proteasomal degradation due to mutations of the phosphorylation sites on the
amino terminal region of the protein required for recognition of the E3 linker β-TrCP, are observed 30–40% of human HCC, and 27%
of intestinal type of gastric cancer (de La Coste et al., 1998; Fodde, 2002; Miyoshi et al., 1998; Polakis, 1999). The pathophysiological
importance of Wnt/β-catenin signaling in cancer development is well-studied in CRC. Loss of tumor suppressor APC, resulting in
activation of Wnt/β-catenin signaling via β-catenin stabilization, is the major driver in colorectal tumorigenesis (Kinzler and
Vogelstein, 1996; Zhan et al., 2017). The CTNNB1 mutations are rare in CRC and its mutations are found only 5% of CRC patient
tissues without overlapping APC mutations (Morin, 1999). In addition, the negative regulators of the Wnt/β-catenin pathway
functioning at the cell surface such as secreted frizzled-related proteins (sFRPs), Wnt inhibitory factor (WIF), and Dickkopf-related
protein (DKK) are often silenced in tumor cells through promoter methylation or histone modification (Ying and Tao, 2009).

Aberrant activation of Wnt/β-catenin signaling pathway is associated with activation and maintenance of cancer stem cells (CSCs)
with self-renewal capacity and plasticity that are responsible for fueling tumor growth (de Sousa e Melo and Vermeulen, 2016; Zhan
et al., 2017). Such as, APC loss 수정 is also known to be involved in the maintenance and activation of stemness of CSCs, and several
CSCs markers such as CD44, CD133, and leucine-rich-repeat containing G-protein-coupled receptor 5 (Lgr5) are target genes of Wnt/
β-catenin signaling (Barker et al., 2007, 2009; Brabletz et al., 2009; Lewis et al., 2010; Wielenga et al., 1999) (Fig. 1). The LGR5
receptor, a potential marker of intestinal stem cells, binds to R-spondin with high affinity that activates the FZD-LRP5/6 complex
together with Wnt ligand, resulting in the further activation of CSCs by Wnt/β-catenin signaling (Carmon et al., 2011; de Lau et al.,
2011). Elevated levels of the Wnt/β-catenin signaling target genes such as, LGR5 and CD44 are observed in primary and metastatic
CRCs, and many other malignancies related with activation of CSCs (Dalerba et al., 2007; Kemper et al., 2012; Yan et al., 2015). In
addition, the alterations of the R-spondin/Lgr5/RNF43 axis are implicated as driver of Wnt-dependent tumor growth and main-
tenance of cancer stemness (Giannakis et al., 2014; Seshagiri et al., 2012; Zhan et al., 2017).

2. RAS signaling pathway and cancer

The RAS pathway activation is initiated by upstream signaling involving binding of growth factors to the receptor tyrosine kinase
(RTKs) such as binding of epidermal growth factor (EGF) to the EGF receptor (EGFR) resulting in the conformation change of EGFR
accompanying its dimerization (Marshall, 1995; Porter and Vaillancourt, 1998; Schlessinger, 1993). The RTKs activated by dimer-
ization induce autophosphorylations at the multiple tyrosine residues, and that provide docking sites for several different proteins
with src homology 2 (SH2) domain such as p110 subunit of phosphatidylinositide 3-kinases (PI3K), Shc, SHP-2, and growth factor
receptor bound protein 2 (GRB2) etc. (Porter and Vaillancourt, 1998; Reuter et al., 2000). Autophosphorylated receptor binds to the
SH2 domain of Grb2, which is bound to Sos via its SH3 domain, followed by activation of RAS by exchanging GDP to GTP guanine
nucleotide (Porter and Vaillancourt, 1998; Reuter et al., 2000; Schlessinger, 1993) (Fig. 2). The activated GTP bound RAS further
transmits its signal to the downstream RAF-MEK-ERK and PI3K-Akt signaling cascades (Daum et al., 1994; Van Aelst et al., 1994). The
RAF-MEK-ERK signaling, also known as the mitogen-activated protein kinase (MAPK) cascade, is activated by series of multiple
phosphorylation events of the kinases (Downward, 2003). The PI3K-Akt pathway is also activated by active RAS, and induces
proliferation and other cellular physiologies (Carpenter and Cantley, 1996; Rodriguez-Viciana et al., 1994). The ERK proteins ac-
tivated by their phosphorylations are translocated into nucleus for activation of transcription factors such Ets, Elk-1, and Myc which
activate many target genes involving proliferation, survival, movement and differentiation of cells (Dhillon et al., 2007) (Fig. 2).

The RAS signaling pathway is aberrantly activated by both mutations and overexpression of the upstream RTKs including the
EGFR and ERBB2. These abnormalities have been observed in breast, lung, ovarian, gastric, pancreatic, and colon cancer (Downward,
2003; Fitzgerald et al., 2015; Hu and Li, 2010; Janku et al., 2010; Mendelsohn and Baselga, 2000). Aberrant activation of RAS protein
itself, frequently induced by mutations at the specific sites most frequently at the amino acid numbers 12, 13 and 61 etc., locking RAS
as active GTP-bound forms, is major abnormality found human cancers. Their mutations are found in most of human cancers such as
40–50% and 90% of KRAS mutations in the CRC and pancreatic cancers, respectively (Downward, 2003; Gysin et al., 2011; Kinzler
and Vogelstein, 1996; Reuter et al., 2000) (Fig. 2). The RAS mutations result in the hyper-activation of the Raf-MEK-ERK signaling
pathway as well as the PI3K-Akt pathway involving transformation of cells and tumorigenesis (Downward, 2003) (Fig. 2). In addition,
RAS signaling can be activated by loss of the GTPase activating proteins (GAPs) or mutations of BRAF, a downstream RAS effector in
many different cancer types (Downward, 2003).

3. The Wnt/β-catenin and RAS-ERK pathways synergistically interact in the tumorigenesis

Although the Wnt/β-catenin and RAS-ERK pathways are known to play important roles in the transformation of cells and caner,
mutations of the genes in each of these two pathways often do not result in significant cancer phenotypes. However, multiple
mutations of both pathways genes critically enhance many different stages of the tumorigenesis including initiation, progression, and
metastasis (Fearon and Vogelstein, 1990; Phelps et al., 2009) (Fig. 3). For example, HCC develops at the 100% incidence in mice with
mutations of both CTNNB1 and Hras although Hras mutation alone does not result in tumor phenotypes with the large cell dysplasia
in the hepatocytes (Harada et al., 2004). The colon cancer carcinomas are synergistically induced by both loss of function Apc
mutations and activated Krasmutations (D'Abaco et al., 1996). In addition, the plasticity and self-renewal capacity of tumor as well as
tumor multiplicity and malignant behavior are critically increased in the compound mutant mice with both oncogenic Kras and loss-
of-function Apc mutations (Janssen et al., 2006). We also observed critical enhancement of both initiation and growth of small
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intestinal tumors by strong activation of the Wnt/β-catenin signaling induced by both Apc and Kras mutations (Jeong et al., 2012;
Moon et al., 2014) (Fig. 3). Although oncogenic Kras mutations alone do not activate CSCs, additional Apc mutations significantly
induce several CSCs makers such as CD44, CD133 and CD166 in the ApcMin/+ and KrasLA2 compound mouse model (Moon et al.,
2014). Both Apc and Kras mutations even result in the liver metastasis of a xenograft mouse model using transforming CRC cells with
both APC and KRAS mutations (Moon et al., 2014). All of these indicate that APC and KRAS mutations synergistically interact in
tumorigenesis at the many different stages.

4. The mechanism for cross-talk between the Wnt/β-catenin and RAS-ERK pathways; RAS stabilization via the Wnt/β-
catenin pathway

The interaction between Wnt/β-catenin and RAS/ERK pathways has been evidenced. The RAF-1-MEK-ERK pathway is im-
mediately activated by recombinant Wnt3a treatment in NIH3T3 and L cells, indicated direct interaction of the Wnt/β-catenin and
RAF-1-MEK-ERK pathways (Yun et al., 2005). The PI3K and ERK pathways are also activated by Wnt3a, and that is related with the
cellular proliferation (Kim and Choi, 2007; Kim et al., 2007). Our further series of studies have been proved regulation of the RAF-1-
MEK-ERK signaling cascade by the Wnt/β-catenin signaling (Jeon et al., 2007a, 2007b; Park et al., 2006). In addition, GSK3β, key
component of Wnt/β-catenin pathway, is regulated by RAS-MAPK and PI3K-Akt signaling cascades, and the cross-talk between
GSK3β and RAS-MAPK or PI3K/AKT/mTOR signaling pathways is implicated in the pathogenesis of HCC and pancreatic cancer
(Cervello et al., 2017; Fitzgerald et al., 2015; Hermida et al., 2017).

A key mechanism for the cross-talk between the Wnt/β-catenin and RAF-1-MEK-ERK pathways is the regulation of RAS protein
stability via the status of Wnt/β-catenin signaling (Fig. 4); HRAS is subjected to the degradation via the Wnt/β-catenin signaling
through the β-TrCP E3 linker-mediated polyubiquitinylation-dependent proteasomal degradation (Kim et al., 2009). The HRAS

Fig. 2. Overview of the RAS/MAPK singling pathway and gene mutations frequently found in human cancers.
The RAS/MAPK signaling pathway activation is initiated by binding of growth factor such as EGF to the receptor tyrosine kinase (RTK) such as EGFR. The activation of
RTKs by its dimerization and autophosphorylations serves as docking sites for SH2 domain of GRB2. GRB2 binds to SOS via its SH3 domains to activate RAS by
exchanging GDP to GTP guanine nucleotide. The activated GTP bound RAS activates its signal to the downstream both RAF-MEK-ERK and PI3K-Akt signaling cascades.
The active RAS recruits and activates RAF at the plasma membrane, which then phosphorylates MEK. Activated MEK subsequently phosphorylates ERK, which
translocates to the nucleus where it phosphorylates and activates various transcription factors including Ets, Elk-1, and Myc, which activate target genes including c-
Fos, c-Jun, and c-Myc etc. The RAS signaling pathway is aberrantly activated by both mutations and overexpressions of components of EGFR-RAS-MAPK signaling
pathway in various cancers. The KRAS mutations occur in most human cancers such as CRC as 50%, pancreatic cancers as 90%, and lung cancer as 50%. The
overexpression of EGFR is frequently observed in most carcinomas (approximately 50%) and the EGFR mutations occur in lung cancer as 23% and gastric cancer as
10%. Furthermore, RAF mutations are frequently observed in melanomas (66%), thyroid (40%), CRC (12%), and ovarian (10%) cancer. The red asterisks indicate the
gain of function mutations. EGF, epidermal growth factor; EGFR, EGF receptor; GRB2, growth factor receptor-bound protein-2; SOS, son of sevenless; MEK, mitogen-
activated protein kinase; ERK, extracellular signal-regulated kinase; PI3K, phosphoinositide 3-kinase; P, phosphorylation. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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stability regulation via the Wnt/β-catenin signaling is modulated by Axin or APC overexpression or by recombinant Wnt3a treatment,
and that is directly related with the transformation of CRC cells (Kim et al., 2009). By further characterization, GSK3β is identified as
a kinase inducing phosphorylations of HRAS at the threonine (Thr)-144 and Thr-148 residues, and that subsequently recruits the β-
TrCP E3 linker for the proteasomal degradation (Jeong et al., 2012; Kim et al., 2009) (Fig. 4, upper panel). In the Wnt stimuli or
genetic alterations such as APC loss, GSK3β becomes inactive status, resulting in RAS stabilization due to absence of the phos-
phorylations and subsequent polyubiquitinylation-dependent proteasomal degradation (Fig. 4, lower panel). The Thr-144 and Thr-
148 residues are conserved in all H-, N-, and K-RAS, and all of these RAS isotypes are subjected to the stability regulation by the Wnt/
β-catenin signaling (Jeong et al., 2012). Due to usage of common kinase GSK3β in their phosphorylations, β-catenin and RAS
stabilities are co-regulated by the status of Wnt/β-catenin signaling. Therefore, both β-catenin and RAS levels are highly increased by
APC loss (Jeong et al., 2012).

5. Stabilizations of both β-catenin and RAS especially mutant KRAS by APC loss are a mechanical base for the synergistic
transformation of CRC cells and CSCs activation by both APC and KRAS mutations

The stability regulations of both β-catenin and RAS are positively correlated with the Wnt/β-catenin signaling involving the
proliferation of CRC cells, and the synergistic effect on cellular transformation by both APC and KRAS mutations is attributed by the
stabilization of oncogenic mutant KRAS as well as β-catenin (Fig. 5). By the co-stabilizations of oncogenic KRAS and β-catenin by
both Apc and Kras mutations are critically enhanced both initiation and progression of CRC in the xenograft and transgenic mice
models (Jeong et al., 2012; Moon et al., 2014). Each Apc or Kras mutations dose not reveal or mild cancer phenotypes with the weak
CSCs activation (Fig. 5). However, the strong CSCs activation and even metastasis are observed in mice harboring both Apc and Kras
mutations via stabilizations of both β-catenin and oncogenic KRAS inducing activations of ERK (Moon et al., 2014) (Fig. 5). The
pathological significance of the co-stabilization of β-catenin and RAS in tumorigenesis is indicated by high levels of β-catenin and
RAS in CRC patient tissues (Jeong et al., 2012; Moon et al., 2014), where APC mutations occur as high as 90%. The RAS stabilization,

Fig. 3. Schematic overview of interaction between Wnt/β-catenin and RAS/ERK pathways in cancer.
The single mutation of components of Wnt/β-catenin and RAS-ERK pathways often does not induce significant transformation associated with cancer. However, the
multiple mutations of both pathway genes critically enhance cooperative the tumorigenesis including initiation and progression (1, Fearon and Vogelstein, 1990; 2,
Phelps et al., 2009). The small intestinal tumors are synergistically induced by both Apc and Kras mutations in mice model (3, D'Abaco et al., 1996; 4, Janssen et al.,
2006). Although oncogenic KRAS mutations alone do not activate CSCs in the mice model, both APC and KRAS mutations significantly induce small intestinal tumors
accompanying the activation of CSCs via induction of CSCs markers, and even result in the liver metastasis of a xenograft mouse model (5, Jeong et al., 2012; 6, Moon
et al., 2014). In addition, CTNNB1 and HRAS mutations are cooperatively induced hepatocellular carcinoma (7, Harada et al., 2004). The merged arrows indicates
synergistic signaling pathways derived from the multiple mutations of components of both Wnt/β-catenin and RAS-ERK pathways. The red and blue asterisks indicate
the gain- and loss-of-function gene mutations, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 4. Schematic mechanisms of RAS stability regulation via Wnt/β-catenin signaling.
In Wnt off status, the activated GSK3β phosphorylates RAS at Thr-144 and Thr-148, and subsequently recruits β-TrCP E3 linker for the polyubiquitinylation-dependent
proteasomal degradation (upper panel). In Wnt on status or APC loss, GSK3β becomes inactive status, consequently resulting in the stabilization of RAS due to absence
of its phosphorylation and polyubiquitinylation-dependent proteasomal degradation (lower panel). The blue asterisk indicates the loss-of-function mutation. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Schematic model for multi-step process of synergistic transformation and tumorigenesis attributed by co-stabilization of β-catenin and RAS by APC loss.
Although the loss of function APC mutations are important for initiation of neoplasia process, the single mutation of APC or KRAS does not result in significant cancer
phenotypes. KRAS mutations may contribute to dysplastic aberrant crypt foci formation, and APC mutation only induces adenoma along with weak activation of CSCs
via stabilization and transactivation of β-catenin. The phenotypes by APC mutations alone may be caused by stabilization of wild-type KRAS as well as that of β-
catenin. Both APC and KRAS mutations cooperatively induce adenocarcinoma accompanying with strong CSCs activation and even metastasis via stabilizations of both
β-catenin and oncogenic mutant KRAS, followed by hyper-activation of ERK and further β-catenin transactivation.
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especially mutant RAS, which also occurs as 40–50% of CRC, plays critical roles in the colorectal pathogenesis involving both APC
and KRAS mutations (Jeong et al., 2012; Moon et al., 2014).

The EGFR, which is direct transcriptional target of β-catenin, is frequently mutated and overexpressed in most carcinomas, and
these with the aberrant activation of Wnt/β-catenin pathway are responsible for synergistic tumorigenesis of the different types of
human cancer including CRC (Gross et al., 1991; Hu and Li, 2010; Radinsky et al., 1995). The generation of secondary mutations after
treatments of the anti-cancer therapies especially those targeting EGFR is a major huddle to be overcome (Benavente et al., 2009;
Wheeler et al., 2008; Yonesaka et al., 2011). Moreover, EGFR targeting drugs reveal limitations in their usage due to their poor
efficacy or insensitivity to the patients harboring KRAS mutations (Amado et al., 2008; Fitzgerald et al., 2015; Karapetis et al., 2008;
Lievre et al., 2008). The significance of KRAS mutations especially with the preceding APC mutations is highlighted by activation of
CSCs, and that is acquired by initial activation of β-catenin by APC loss (1), followed by its secondary strong activation by the
stabilized oncogenic KRAS via a positive feedback loop through MEK-ERK pathway (2) (Moon et al., 2014, Fig. 6). The increased β-
catenin by this dual activation mechanism translocates into nucleus for the activation of the target genes such as CD44, CD133, LGR5
CSCs marker genes and EGFR (Fig. 6). Together, stabilizations of both β-catenin and mutant KRAS as well as the transcriptional
induction of EGFR especially its mutant form by APC mutations cooperatively enhance Wnt/β-catenin signaling, which in turn
synergistic activation of CSCs and metastasis of CRCs.

6. Concluding remarks

In this review, we summarized the current understanding of cross-talk between Wnt/β-catenin and RAS/ERK pathways related
with the synergism in the pathogenesis of CRC by APC and KRAS mutations, which are most frequently found in human CRC. The
highlight of the cross-talk is the stabilizations of both β-catenin and RAS proteins especially oncogenic mutant KRAS, which are a
mechanical basis of the synergism by both APC and KRASmutations in colorectal tumorigenesis including initiation, progression, and
metastasis involving activation of CSCs. Overall, targeting both pathways via lowering both β-catenin and RAS proteins can be a
potential therapy for the treatment of CRC patients with aberrantly activated Wnt/β-catenin and EGFR/RAS/ERK pathways attrib-
uted to the increments of β-catenin and RAS as well as their activation by pathologically important APC and KRAS mutations.

Fig. 6. Schematic mechanism for the positive cooperation between Wnt/β-catenin and RAS/ERK signaling pathways on CSCs activation and malignant transformation.
APC mutations initially stabilize both β-catenin and RAS, resulting in activations of both Wnt/β-catenin and RAS/ERK signaling pathways (1, Jeong et al., 2012).
Stabilization of mutant KRAS by APC loss further activates β-catenin through the positive feedback loop via MEK-ERK pathway (2, Moon et al., 2014). The increased β-
catenin translocates into nucleus, and induces target genes including CSCs markers such as the CD44, CD133, and LGR5 and EGFR for the phenotypes of the malignant
transformation including metastasis (1 + 2, Moon et al., 2014). The red and blue asterisks indicate gain- and loss-of-function mutations, respectively. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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