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Abstract
Activation of the Wnt signaling pathway via mutation of the adenomatous polyposis coli gene (APC) is a critical 
event in the development of colon cancer. For colon carcinogenesis, however, constitutive signaling through 
the canonical Wnt pathway is not a singular event. Here we review how canonical Wnt signaling is modulated 
by intracellular LEF/TCF composition and location, the action of different Wnt ligands, and the secretion 
of  Wnt inhibitory molecules. We also review the contributions of non-canonical Wnt signaling and other 
distinct pathways in the tumor micro environment that cross-talk to the canonical Wnt pathway and thereby 
influence colon cancer progression. These ‘non-APC’ aspects of  Wnt signaling are considered in relation to 
the development of potential agents for the treatment of patients with colon cancer. Regulatory pathways 
that influence Wnt signaling highlight how it might be possible to design therapies that target a network of 
signals beyond that of APC and β-catenin. 
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BACKGROUND

Wnt ligands are a large family of highly conserved secreted 
proteins that are important for normal cell development. 
Wnts bind to receptors at the plasma membrane and initiate 
intracellular signaling cascades to control a wide variety of 
processes in embryonic development and adult homeostasis, 
including cell proliferation, cell polarity, and specification of 
cell fate. These effects are wide-ranging and powerful and 
they are also complex, there being multiple types of  Wnt 
signals. Traditionally, Wnt signals have been classified into 
two types: canonical (β-catenin-dependent) and non-
canonical (β-catenin-independent). This classification was 
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based on the biological activity of  Wnt overexpression in 
Xenopus embryos, where canonical Wnts (such as Wnts 
1 and 3a) induced the formation of a secondary axis and 
non-canonical Wnts did not (e.g., Wnts 4, 5a, and 11). In 
fact, non-canonical Wnts directly suppressed the ability 
of canonical Wnts to induce a secondary axis. This initial 
characterization was functional and straight forward and 
it created a simple framework to classify ligands. Since 
then, however, the picture has become more complex. Wnt 
action is context dependent, there are multiple intracellular 
cascades that can be triggered, and some of these cascades 
are composed of a blend of canonical and non-canonical 
components. A review by van Amerongen and Nusse offers 
highlights of the complexities in Wnt  signal transduction and 
discusses the limitations that come from simple classification 
into two linear pathways.[1] In this review we link some of 
these signaling complexities to a consideration of therapeutic 
strategies for colon cancer.

Canonical Wnts signal through the transcriptional co-
activator β-catenin. In the absence of such ligands, 
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cytoplasmic β-catenin is captured by a destruction complex 
composed of adenomatous polyposis coli (APC), glycogen 
synthase kinase 3-β (GSK-3β), Axin, and other components. 
Captured β-catenin is phosphorylated, ubiquitinated, and 
degraded, preventing its translocation to the nucleus and 
interaction with members of the LEF/TCF transcription 
factor family (LEF-1/LEF1, TCF-1/TCF7, TCF-3/TCF7L1, 
and TCF-4/TCF7L2).[2,3] When canonical Wnt ligands are 
present, they bind to a receptor complex consisting of the 
seven-pass transmembrane protein Frizzled (Fz) and the 
single-pass LRP5/6 receptor (lipoprotein-related protein 5 or 
6). Binding of these receptors recruits the scaffolding protein 
Dishevelled (Dvl), which leads to LRP5/6 phosphorylation 
and the recruitment of Axin and GSK-3β away from the 
destruction complex. Disruption of the destruction complex 
releases β-catenin and allows it to accumulate in the nucleus 
along with LEF/TCFs. As nuclear concentrations increase, 
LEF/TCFs recruit β-catenin to target genes and nucleate 
its associations with co-regulators Pygopus, BCL9/Legless, 
and transcription-activating complexes such as the CDK8 
module of Mediator and TRRAP.[4–10] Therefore, the key 
characteristics of canonical signaling are the requirement for 
the LRP5/6 co-receptor to enable β-catenin accumulation and 
the involvement of LEF/TCF transcription factors.

Wnts that signal non-canonically eschew LRP co-receptors 
and β-catenin stabilization to activate intracellular kinases 
and regulate distinct β-catenin-independent pathways. 
These include the planar cell polarity (PCP) pathway and 
the Wnt/calcium pathway. First identified in Drosophila, the 
PCP pathway, which is mediated by Fz and Dvl, activates 
c-Jun-N-terminal kinase (JNK) and Rho-associated kinase 
(Rho-kinase) to control the orientation of hairs, bristles, 
and ommatidia in flies. Non-canonical Wnts binding to Fz 
can also stimulate an increase in intracellular Ca2+ levels, 
thereby activating calcium-sensitive proteins such as Ca2+/
calmodulin-dependent protein kinase II (CaMKII) and 
protein kinase C (PKC). Importantly, the Wnt/calcium 
pathway has been shown to antagonize β-catenin-dependent 
signaling and stimulate cell migration.[11,12] Even though these 
pathways are very different from canonical signaling, it has 
been suggested that the classification of    Wnt ligands as either 
canonical or non-canonical is too simple. Recent reports show 
that Wnts can signal through both types of pathways, with 
opposing outcomes; it all depends on the receptor context.[13] 

The best studied example is Wnt5a, a ligand family member 
traditionally considered to activate non-canonical signaling. 
Wnt5a inhibits β-catenin-dependent activity when its signal 
is mediated by the orphan tyrosine kinase Ror2.[14] But when 
Wnt5a signals through the co-receptors Fz4 and LRP5, it 
activates β-catenin-dependent signaling. More recently, 
Wnt5a has been shown to heterodimerize with another Wnt 

to direct β-catenin outcomes. Wnt5a heterodimerizes with 
the non-canonical Wnt11 ligand to upregulate canonical Wnt 
signaling in Xenopus embryos.[15] If this important discovery 
applies to all Wnt ligands, that is, if the entire family can 
engage in heterodimer formation, then signaling potential 
and outcomes of any one Wnt are even more influenced by 
the context of other Wnt ligands and receptors in cells. 

ROLE OF  WNT SIGNALING IN 
DEVELOPMENT, DIFFERENTIATION, AND 
CARCINOGENESIS

Wnt signaling plays a critical role in embryonic development. 
Wnts direct programs of proliferation, stem cell self-renewal, 
cell fate decisions, cell polarity, and convergent extension 
behaviors of migrating cells.[3–4,11,16] Each of these Wnt-
directed outcomes are critical for proper development of 
the intestine. [17] For example, the now classic knockout 
experiments by the Clevers laboratory showed that loss of 
the TCF7L2 locus (TCF-4) depletes stem cell compartments 
in the intestines of mouse embryos because cells are unable 
to proliferate and repopulate crypts.[18] Stem cell self-renewal 
also relies on Wnt signaling. This is true in the Drosophila gut 
and, recently, it has been shown to be true in the mammalian 
gut.[19,20] The Wnt target gene, LGR5, has been identified as 
the multipotent stem cell marker in crypts. Other Wnt target 
genes such as ASCL2, SOX9, Paneth cell defensins, and others 
control additional steps of differentiation from the stem cell 
through to the terminally differentiated phenotype.[17,21–23]

Due to its key role in regulating early cell fate decisions 
and adult cell homeostasis, Wnt signaling has been 
extensively investigated for its involvement in cancer.[16]

Many components of the β-catenin-dependent pathway 
are often differentially regulated between normal tissue 
and its cancerous counterpart. In particular, melanoma, 
hepatocellular carcinoma (HCC), prostate, colon, thyroid, 
and ovarian cancers, as well as certain subsets of breast 
cancers, harbor β-catenin-stabilizing mutations.[24–26] Such 
mutations result in high levels of β-catenin which, in 
turn, translate into constitutively active Wnt signaling.[26–28]

While the regulation of β-catenin appears to be one of the 
most significant events linking Wnt signaling to cancer, 
modulation of other pathway components, both upstream 
and downstream of β-catenin, has also been shown to play a 
role. However, the most striking link between Wnt signaling 
and cancer has been the discoveries of genetic mutations in 
midstream signaling components (APC, β-catenin) which 
cause a constitutive activation of canonical signaling.

Role of  Wnt signaling in colon carcinonesis
Activation of the Wnt pathway has been linked to colon 
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cancer since the recognition that abnormalities of 
chromosome 5q were early events in the carcinogenic 
process for sporadic and hereditary (familial adenomatous 
polyposis, FAP) tumors, and the discovery that the FAP 
locus resides at this chromosomal location.[29–31] Encoded at 
5q is the APC gene, the protein product of which is a key 
component of the β-catenin destruction complex.[27,30,32–34] 
About 90% of sporadic colon cancers harbor activating 
mutations within the Wnt pathway; most of these mutations 
destroy APC function.[35] Truncating mutations in APC 
prevent effective phosphorylation of β-catenin, resulting in 
its accumulation. Ultimately, β-catenin translocates to the 
nucleus, driving LEF/TCF-mediated gene transcription.[36] 
The same outcome can arise through mutations in β-catenin 
and Axin2, though these are significantly less frequent than 
mutations in APC.[28,37]

Activation of the Wnt pathway by these mechanisms does not, 
by itself, cause cancer, though it is important in initiating the 
carcinogenic process. Inherited mutations in  APC, as in FAP, 
lead to the development of noninvasive colonic adenomas 
(polyps), often thousands of them in an individual patient.
Presumably, this is caused directly by the overexpression of 
growth-promoting genes driven by β-catenin-LEF/TCFs 
through canonical Wnt signaling. Mouse models of FAP, 
such as the Apcmin/+ mouse, are characterized by innumerable 
intestinal (in this case, primarily small bowel) tumors, 
but these are typically noninvasive and most analogous to 
human colonic adenomas.[38] Similarly, somatic mutations 
in APC are an early event in sporadic adenoma formation.
While Wnt pathway activation is clearly a driving force 
in the development of adenomas, activation of additional 
signaling pathways, such as those mediated through the 
proto-oncogene K-ras, are required for optimal nuclear 
localization of β-catenin to the nucleus and activation of the 
carcinoma program.[39] Additional mutations (TGFBRII, 
SMAD4, and TP53) may be necessary before frank carcinoma 
develops.[29] Because of the central role of APC/β-catenin in 
controlling mucosal proliferation and in the development 
of precancerous adenomas, almost all of the focus on the 
Wnt pathway in colon cancer has been on the linear path of 
canonical signaling. It is only recently that there has been 
recognition of the potential importance of non-mutational 
modulation of the Wnt signal (i.e., via cell surface receptor 
and ligand interactions) and of non-canonical components of 
the pathway. This review highlights two types of modulators: 
LEF/TCFs in the nucleus and extracellular signals from the 
tumor microenvironment.

Modulation of   Wnt signaling in colon cancer
LEF/TCFs
LEF/TCF transcription factors are expressed in various tissues 

during embryonic development, where they mediate proper 
Wnt signaling.[40] After birth, they continue to mediate Wnt 
signaling, especially in tissues that derive from stem cell 
populations. LEF/TCFs also play important roles in colon 
cancer and in this regard the collective pattern of expression 
is important to consider because it changes in ways that 
maximize canonical Wnt signaling in cancer. Canonical 
signaling depends on the recruitment of β-catenin to target 

Figure 1: Pathways that modulate canonical Wnt signaling. Canonical 
Wnt signaling requires Frizzled (Fz) receptors and a LRP5/6 co-
receptor. This signal induces stabilization of β-catenin through 
Dishevelled (Dvl)-mediated inhibition of the destruction complex. 
Stabilized β-cateninaccumulates in the nucleus where TCFs recruits it 
and associated co-regulators BCL9 and Pygopus (Pygo) to Wnt target 
genes for regulation. Tankyrase is an enzyme recently discovered 
to inactivate the destruction complex through ADP PARsylation of 
Axin. Secreted inhibitors such as DKK-1, DKK-2, and DKK-3 prevent 
canonical signaling through negative actions on LRP5/6. Secreted 
inhibitors such as the SFRPs inhibit all types of  Wnt signaling by direct 
binding to Wnt ligands (WIF and others not shown). Wnt ligands are 
present in the tumor microenvironment through production by cancer 
cells and infiltrating lymphocytes and macrophages (green cells),which 
release Wnt 5a. Non-canonical types of  Wnt signaling do not involve 
LRP5/6 co-receptors, and they trigger multiple kinase cascades, 
including those that involve calcium/calmodulin-dependent kinase II 
(CaMKII), protein kinase C (PKC), and others (c-Jun-N-terminal kinase 
and the planar  cell polarity pathway not shown). Activation of these 
signals can inhibit the actions of  LEF/TCFs, including the nuclear export 
of TCF-1, even in colon cancer cells where the destruction complex is 
nonfunctional and high levels of β-catenin are constitutively available. 
Other signals released in the tumor microenvironment (i.e.,stromal 
fibroblasts, brown cells) activate pathways that enhance Wnt target 
gene regulation. Pathways relevant to colon cancer include signaling 
through receptor tyrosine kinases (RTK) for epidermal growth factor 
(EGF) and hepatocyte growth factor/scatter factor (HGF), or through 
integrin receptors to growth factor receptor–bound protein-2 (Grb2).  
RTK and integrin signaling activates K-RAS, a GTPase often detected 
as a mutation-activated oncogene in colon tumors and a pathway that 
stimulates the formation of the transcription factor activator protein-1 
(AP-1).
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genes through a β-catenin-binding domain at the N-terminus 
of LEF/TCFs. The HMG box, a sequence-specific DNA 
binding/bending domain near the C-terminus of LEF/TCFs, 
allows the β-catenin-LEF/TCF complex to recognize Wnt 
response elements in target genes. Both of these functional 
domains are highly conserved and present in all LEF/TCFs, 
leading one to expect that LEF/TCF proteins are functionally 
redundant. However, this is not the case, because different 
LEF/TCF loci can produce differently acting protein isoforms 
through the use of alternative promoters and/or alternative 
splicing.[2,40] For example, an alternative splicing event in the 
TCF7 (produces TCF-1) and TCF7L2 (produces TCF-4) 
genes leads to the inclusion of a carboxy-terminal domain 
called the E-tail. This tail contains a highly conserved 
second DNA-binding domain called the C-clamp.[41,42] The 
C-Clamp has sequence selectivity and enables access to a set 
of  Wnt target genes that are important for cell proliferation 
in colon cancer cells.[41] In addition to differences in DNA 
binding, alternative promoters in TCF7 and LEF1 produce 
dominant negative forms that are missing the β-catenin-
binding domain (dnTCF-1 and dnLEF-1).These truncated 
isoforms act as dominant negative versions and negatively 
regulate Wnt signaling.[43,44]

The expression pattern of LEF/TCF loci and isoforms is 
different in normal human colon as compared to colon 
cancer. In the normal colon, family members TCF-1 
and TCF-4 are expressed and LEF-1 and TCF-3 loci are 
silent. [43,45,46] The TCF7L2 locus produces a full-length form 
of TCF-4 that contains the C-clamp auxiliary DNA-binding 
domain (TCF-4E), but the predominant isoform produced 
from the TCF7 locus is a dominant negative isoform of 
TCF-1, also with a C-clamp domain (dnTCF-1E).[47] That 
the TCF7L2 gene produces a Wnt-promoting form of TCF-4 
that is important for proliferation and stem cell self-renewal is 
borne out in the Clevers’ knockout mouse model, where loss 
of TCF-4 depletes stem cells and eliminates cell proliferation 
in the intestine.[18] That TCF-1 might be functioning as a 
homeostatic counterbalance to TCF-4 through its expression 
as a dnTCF-1E isoform is also borne out in mouse knockout 
studies, where loss of TCF-1 leads to adenoma formation in 
this tissue.[46]

The situation is quite different in colon cancer. While 
TCF-4 continues to be expressed as a full-length form with 
two DNA-binding domains, TCF-1 expression changes 
dramatically to a full-length Wnt-promoting isoform (TCF-
1B).[47] Also, because  LEF1 is a Wnt target gene, it is activated 
by the developing oncogenic Wnt signal, and full-length 
β-catenin-binding forms of LEF-1 are produced. A dnLEF-1 
is not produced because its promoter is actively silenced 
through repressor action.[48,49] Collectively, then, only full-

length Wnt-promoting forms of LEF/TCFs are produced in 
cancer cells, a pattern that emerges for maximum β-catenin 
interaction and oncogenic Wnt signaling.[43,50] Therapeutic 
strategies that restore normal levels and patterns of LEF/
TCF expression or those that counter their recruitment of 
β-catenin and its co-activators Pygopus, BCL9, or CDK8 
could bypass the effects of the loss of the destruction complex 
and the stabilization of β-catenin.

Wnt ligands and Wnt inhibitors in the tumor microenvironment
While loss of heterozygosity (LOH) at the APC locus or 
stabilizing mutations in β-catenin create a constitutive 
canonical Wnt signal, extracellular signals from the tumor 
microenvironment can influence oncogenic actions of the 
pathway, either by enhancing or repressing actions. Notably, 
there are changes in expression of  Wnt ligands and secreted 
inhibitors that hint at the signaling potential of upstream 
components beyond the role of APC and β-catenin, an idea 
first noted in a study of autocrine Wnt signaling in cancer 
cells.[51] For example, Wnt2 and Wnt5a expression is elevated 
in colon cancer compared to normal colon and during the 
progression from adenoma to carcinoma.[52–54] In contrast, 
the expression of other Wnts, including Wnts 2b, 4, 7b, and 
10b, does not change, as they remain strongly expressed in 
both normal colon and colon cancer.[55] In addition to Wnts, 
several Fz receptors (Fz-1 and Fz-2) are upregulated in poorly 
differentiated tumors, and expression of the scaffolding 
protein Dvl1 is increased in IBD (inflammatory bowel 
disease)-related colon cancer. [52,56] The differential expression 
of upstream Wnt components is not exclusive to Wnt ligands. 
Genes encoding secreted soluble inhibitors of  Wnt signaling 
such as DKK-1, SFRPs (secreted Fz-related protein), and 
WIF-1 (Wnt inhibitory factor) are hypermethylated and 
therefore silenced in colon cancer. Reintroduction of SFRP 
and DKK-1 into colon cancer cells causes a loss of cancer 
phenotypes, such as tumor growth and colony formation in 
soft agar, and this is true even in colon cancer cells where 
the APC locus has suffered LOH and where oncogenic 
Wnt signaling is presumably constitutive. [55,57–59] These 
findings hint that colon cancers with a mutated pathway and 
stabilized β-catenin might still derive growth advantages from 
autocrine/paracrine Wnt signaling at the Fz-receptor level.

Even though colon cancers might progress by altering 
expression of  Wnt ligands and secreted inhibitors to 
maximize oncogenic Wnt signaling, other extracellular Wnt 
signals can arise that inhibit the pathway. Interestingly, such 
signals are linked to the actions of the non-canonical class 
of      Wnt ligands. Much of what is known about inhibitory Wnt 
signals comes from studies using Wnt5a as the extracellular 
ligand and, notably, several studies of colon cancer report 
significant changes in Wnt5a expression. One study of      Wnt5a 
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in Dukes’ B-stage cancer found its expression decreased in 
50% of the tumors, but either normal or increased in the other 
half.[60] Other comparative studies observed more consistent 
increases in Wnt5a expression.[53,56] Differences in the reports 
are likely due to differences in methods used to detect Wnt5a; 
the first study examined protein and the second set of studies 
used methods to detect mRNA. It is possible that Wnt5a 
translation is regulated and mRNA and protein patterns 
are not always congruent. Nevertheless, Wnt5a expression 
shows upregulation in a significant cohort of tumors and 
this expression has been observed in both the epithelial 
and stromal compartment, which includes infiltrating 
macrophages. This is important because there is compelling 
evidence that Wnt5a can circumvent the constitutive 
oncogenic signaling in cells with defective, mutated APC. 
For example, β-catenin-dependent Wnt signaling in APC-
negative colon cancer cells can be inhibited through the 
combined actions of   Wnt5a/calcium signaling and RORα, 
a nuclear hormone receptor.[61] Likewise, Macleod et al. 
report that calcium-induced secretion of  Wnt5a causes an 
autocrine inhibition of β-catenin signaling in APC-defective 
colon cancer cells. This signal requires the ROR2 receptor 
for Wnt5a.[62] Other groups find that Wnt5a treatment of 
APC-defective colon cancer lines reduces cancer behaviors 
such as cell migration and growth in soft agar (although the 
molecular basis for these effects was not explored).[60,63]

There is another type of inhibitory Wnt signal that develops 
in colon cancer. This signal reduces β-catenin-dependent 
signaling by triggering the nuclear export of TCF-1 and, 
in doing so, reduces the concentration of LEF/TCFs in the 
nucleus.[47] This activity was discovered in primary human 
colon tumors where TCF-1 staining experiments showed 
dramatic shifts in localization to the cytoplasm.[47] TCF-1 
export is activated by autocrine, paracrine actions of  Wnts  
and these actions can be inhibited by DKK-1 and SFRPs.
DKK-1 sensitivity implicates β-catenin and a canonical-
type signal since this inhibitor works by blocking LRP5/6 
action. However, the calcium-activated CaMKII/TAK1/
NLK kinase cascade is also involved, and this pathway is 
activated by Wnt5a and other non-canonical-type ligands. [64,65] 
The requirement for both canonical and non-canonical 
components attests to the complexity of  Wnt signaling and 
the cross-talk between its different arms. The Wnt/CaMKII 
signal antagonizes β-catenin-dependent canonical signaling 
in APC-defective colon cancer cells because the form of 
TCF-1 exported from the nuclei is a full-length TCF-1 
with oncogenic potential. A Wnt5a/CaMKII signal can also 
negatively affect the DNA-binding activities of LEF-1 and 
TCF-4 in 293 cells.[47] Whether this specific action occurs 
in colon cancer is unknown, but LEF-1 and TCF-4 do 
not export  and their expression levels do not change.[47] 

Therefore, at a minimum, even though LEF-1, TCF-4, and 
β-catenin remain in the nucleus, TCF-1 export reduces the 
overall concentration of LEF/TCFs enough to affect canonical 
signaling. These data imply that LEF/TCF activities can be 
limiting for canonical signaling in colon cancer.

Are the actions of     Wnt5a and calcium/CaMKII signals 
relevant to colon cancer? As mentioned above, Wnt5a 
expression can be elevated in colon cancer either through 
expression in the transformed epithelial cell compartment 
or through expression in stromal and inflammatory 
compartments such as infiltrating macrophages.[52,53,60] 

Sporadic colon cancer is not thought to have an overriding 
inflammatory component, but inflammation can occur and, 
interestingly, an inflammatory signature correlates with a 
good prognosis.[66–69] A direct correlation between Wnt5a 
expression and prognosis is a more complicated issue, 
especially when all types of cancer are considered together. 
However, in the case of sporadic-type colon cancer, Wnt5a 
expression correlates with a better prognosis.[60,70] If   Wnt5a is 
truly a positive prognostic indicator, then the various Wnt5a-
type signals summarized here might be the main reason 
for better outcome, as they can bypass APC and repress 
oncogenic Wnt signaling.

Cross-talking signals in the tumor microenvironment
In contrast to Wnts that oppose oncogenic Wnt signaling, 
there are important examples of extracellular growth 
factorsand cross-talk interactions that enhance β-catenin 
actions. For example, many sporadic colon cancers contain 
activating mutations in the GTPase K-RAS (40%).[71,72] EGF 
(epidermal growth factor) and VEGF (vascular endothelial 
growth factor) signaling activates Rac/K-RAS pathways, 
which enhance canonical Wnt signaling by increasing 
the residence time and concentration of β-catenin in the 
nucleus.[39,73]Adenomas from mouse models of intestinal 
cancer have increased levels of EGF receptor activity in 
the tumors. [74,75] Moreover, inhibition of EGFR signaling 
in humans via blocking antibodies has proved to be an 
effective therapeutic intervention for patients with wild-
type K-RAS.[76] Also important to consider are the effects 
of HGF (hepatocyte growth factor/scatter factor), a factor 
recently shown to promote stable β-catenin accumulation 
in nuclei. [77] HGF signals through the c-Met receptor and, 
although the signal transduction pathway is complex, there 
is a strong Ras component. HGF greatly enhances β-catenin 
signaling in experimental models of human colon cancer 
stem cells. [77] Indeed, disruption of HGF cross-talk might 
have real potential intherapy since Met inhibitor treatment of 
mice injected with gastric carcinoma cells induces regression 
of metastases.[78] Thus, there appears to be a strong synergy 
between K-RAS-dependent signals and oncogenic Wnt 
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signals. Finally, signals from cell surface integrin–extracellular 
matrix interaction sengage non-canonical signaling to Rac/
JNK, which in turn triggers the formation of the AP-1 
transcription factor.[79] AP-1 action can synergize with 
Wnt signals to influence the activation of a subset of target 
genes.[80] The interesting connection to Wnt target genes is 
important. Two separate studies identify AP-1 binding sites 
as one of the most frequent DNA regulatory elements that 
co-segregate with Wnt response elements (WRE).[81,82] The 
functional consequence of this co-segregation is that LEF/
TCF/β-catenin complexes and AP-1 factors co-occupy 
and synergize for transcriptional regulation.[79,83,84] Synergy 
between Wnt and integrin-triggered AP-1 suggests that 
non-canonical signaling is highly sensitive to extracellular 
matrix connections. 

Given the variety of extracellular signals that can modify Wnt 
signaling in colon cancer, one might presume that the level 
of oncogenic potential in individual patient tumors, and even 
within regions of a single tumor, lies along a continuum of 
strong to weak Wnt signaling. Indeed, if nuclear β-catenin 
levels are any measure of the strength of  Wnt signaling, 
it would seem that the invasion front of a tumor, i.e., the 
cells with the greatest exposure to stroma and the tumor 
environment, should have the highest concentrations of 
nuclear β-catenin. This is certainly the case.[77,85,86] These 
examples of synergy and cross-talk imply that signals that 
enhance the canonical Wnt pathway could be bonafide targets 
for therapy, whereas missing signals that can counter Wnt 
action could be re-introduced as treatments.

CONSIDERATIONS FOR WNT-FOCUSED 
CLINICAL THERAPEUTICS OF COLON 
CANCER

Given the pivotal role of  Wnt signaling in the development 
of colon cancer and many other malignancies, it would seem 
an ideal target for new cancer drugs. Several cancer drugs 
have been approved or are in late-stage clinical trials that 
effectively target the EGFR, the AKT, and the Hedgehog 
signaling pathways.[87–89] However, clinically useful agents 
to inhibit Wnt signaling pathways have, despite significant 
investment by several pharmaceutical and biotech companies, 
remained elusive. A lack of  Wnt agents might reflect the 
difficulty in identifying ‘druggable’ targets in the pathway, 
enzymes amenable to small-molecule inhibition. But 
the surprising lack of new drugs might also be due to the 
perception that a downstream mutation in APC or CTNNB1 
(β-catenin) would make the manipulation of upstream 
components therapeutically ineffective.[90] The recognition 
that the colon cancer phenotype can be suppressed by 
secreted inhibitors of Fz/LRP5/6 (DKK-1) or Wnt ligands 

(SFRP) argues that ‘druggable’ targets upstream of APC 
are worth considering. [51,91,92] Indeed, as described above, 
abrogation of autocrine signaling through epigenetic silencing 
of the inhibitory soluble Fz-related proteins (SFRPs) 
appears to be a naturally occurring mechanism in many 
types of cancer. [55,93–97]  These tumors may possess a growth 
advantage via blockage of natural Wnt inhibitory feedback 
loops. Blocking Wnt signaling by introduction of SFRP-like 
molecules suppresses tumor cell growth and proliferation in 
in vivo models in tumor cells which carry an activated form 
of β-catenin.[98] The presence of methylation, which silences 
SFRP1 in breast cancer, is associated with an unfavorable 
prognosis, emphasizing the clinical significance of cell 
surface components as they relate to modulation of  Wnt 
signal throughput.[99]

Many potential Wnt modulating drugs are being investigated, 
but there are few currently in clinical trials.[100–104] A study 
supported by Momotaro-Gene Inc. (NCT01197209) delivers 
DKK-3, an inhibitor of the Fz–LRP cell surface complex, via 
a viral vector in a neoadjuvant fashion for prostate cancer. No 
results from this phase I trial are yet available. More advanced 
is the use of a Novartis compound, BHQ880, for the treatment 
of bone disease in multiple myeloma (NCT00741377). In 
myeloma, decreased activity of osteoblasts contributes to 
the development of lytic bone lesions.[105] Osteoblasts are 
inhibited by the production of DKK-1 by myeloma cells.
BHQ880 is an anti-DKK-1 neutralizing antibody. Thus, for 
this ‘cancer’ indication, the approach is to block inhibition of 
the Wnt pathway in osteoblasts in order to prevent a cancer-
related complication.

Additional clinical research has focused on inhibition of   Wnt 
signaling through dietary manipulations (NCT00256334, 
NCT00578396, and NCT01214681) as a colon cancer 
chemoprevention approach. These studies are based in part on 
the observation that certain naturally occurring compounds 
may inhibit Wnt signaling in vitro.[106,107] However, while this 
approach may be applicable in a general sense for cancer 
prevention, it is nonspecific and unlikely to be clinically 
efficacious in the setting of frank malignancy. Another 
interesting compound is the pyrvinium, which potentiates 
casein kinase 1-alpha activity and is utilized clinically as 
an anthelminthic for the treatment of pinworms.[108,109]

Pyrvinium treatment of APC-defective colon cancer cells 
degrades Pygopus and decreases oncogenic Wnt signaling in 
colon cancer cells. Interestingly, increases in Pygopus1 and 
Pygopus2 mRNA have been detected in villous adenomas, the 
relatively more aggressive precursor to colon carcinoma. [110] 

Finally, a chemical genetic screen has identified XAV939, a 
small molecule that selectively inhibits β-catenin-mediated 
transcription by targeting the poly-ADP-ribosylating 
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enzyme Tankyrase. Tankyrase inhibition stabilizes the Axin 
scaffold of the destruction complex and forces β-catenin 
degradation in colon cancer cells.[111]

Overall, the targeting of the Wnt pathway for cancer treatment 
and prevention remains in its infancy. Initial approaches have 
focused on inhibiting critical downstream events such as 
β-catenin/TCF interactions or small molecules that disrupt 
the interaction of β-catenin with co-activators such as CREB-
binding protein (CBP).[112,113] Targeting upstream events via 
antibodies to Wnt ligands, SFRPs or SFRP-like molecules, 
is a more recent approach.[114,115] Antagonizing Fz–Dvl 
interactions with small molecules or peptide inhibitors may 
also prove useful.[116,117] Recently, inhibitors of porcupine, a 
membrane-bound acetyltransferase that is essential for the 
production of   Wnt proteins and that interrupts the autocrine 
Wnt feedback loop, have been identified.[118] These represent 
an exciting class of molecules that may preferentially target 
cells with activated Wnt signaling, such as tumor cells. All of 
these approaches primarily target canonical Wnt signaling. 
Nonetheless, inhibition of upstream events may also inhibit 
non-canonical signaling and this may not be beneficial. It 
may be preferable to augment, or at a minimum, not inhibit 
signaling induced by some Wnt ligands, such as Wnt5a. Further 
understanding of both canonical and non-canonical signaling 
pathways, other signaling pathways that cross-talk with the Wnt 
pathway, and factors that may modify signals despite mutation-
associated activation, will be essential to guide the development 
of a new class of therapeutic interventions.
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