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Abstract: Wnt signaling involves multiple pathways that contribute to organ development, cell
fate, inflammation, and normal stem cell renewal and maintenance. Although the homeostasis
of stem cells in the gastrointestinal (GI) tract highly depends on the Wnt signaling pathway, this
regulation is impaired in cancers and in aging. Overactive (uncontrolled) Wnt signaling can induce
GI epithelial cancers such as colon and gastric cancer. Overactive Wnt signaling can also contribute
to the initiation and progression of gastrointestinal stromal tumor, which is the most common human
sarcoma occurring in the walls of the digestive organs, mainly the stomach and small intestine.
Wnt expression is positively associated not only with the progression of oncogenesis but also with
resistance to chemotherapy and radiotherapy. Of note, recent reports show that decreased Wnt
signaling is related to intestinal stem cell aging and that overactivated Wnt signaling leads to gastric
pacemaker stem cell aging in tunica muscularis. These findings indicate that Wnt signaling has
different crucial aspects of cell fate determination with age in GI tunica mucosa and muscularis. In
this review, we summarize the most recent advances in our understanding of Wnt signaling pathways
and their role in regulating key aspects during development, carcinogenesis, inflammation, and
aging, with the ultimate goal of identifying novel therapies.
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1. Introduction

Wnt (wingless-type MMTYV integration site) signaling is an evolutionarily conserved
signaling mechanism that involves multiple pathways contributing to organ development
and formation, stem cell renewal, and cell maintenance. Wnts are secreted, cysteine-rich
glycoproteins that activate intracellular signaling cascades [1] by binding to many receptors
and coreceptors. Wnt signaling has roles in both cancer and embryonic development. Un-
controlled (overactivated or underactivated) Wnt signaling can induce cellular senescence,
a state of permanent cell-cycle arrest, or can lead to uncontrolled hypergrowth of cells (i.e.,
cancer) in the gastrointestinal (GI) tract. This implies that the Wnt pathway has relevance
regarding the regulation of cell growth and proliferation. The regulation of important Wnt
signaling targets has been shown to affect the differentiation of stem cells during embryonic
development [2]. This suggests not only the importance of Wnt regarding early develop-
ment but also the importance of Wnt in relation to stem cell function and proliferation.
Due to the pathway’s cellular importance and potential to inflict diseases, there is ample
reason to research the Wnt signaling pathway for novel treatments especially in regard to
cancer treatments, as GI cancers’ inclination toward the resistance of chemotherapeutic
drugs spurs efforts toward alternative therapies [3]. Understanding Wnt signaling in GI
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diseases is key to developing treatments to prevent or reverse them. In this review, we
summarize the role of Wnt signaling in the GI tract in health and disease.

2. Pathway Types

Wnt signaling is divided into three pathways: canonical pathway, noncanonical planar
cell polarity (PCP) pathway, and noncanonical Wnt/calcium pathway.

2.1. Canonical Wnt Signaling Pathway, B-Catenin Dependent

The canonical Wnt signaling pathway primarily involves -catenin, a core component
of cadherin proteins, which regulate cell adhesion and gene transcription. The absence of
Wnt ligands leads to the phosphorylation of cytoplasmic 3-catenin by glycogen synthase
kinase-3f3 and proteasomal degradation of (3-catenin (Figure 1A) [4]. Wnt signaling is
active in response to normal development and the growth of various tissues. When Wnt
signaling is turned “on,” Wnt proteins bind to Frizzled receptor and LRP5/6 (lipoprotein
receptor-related protein 5/6) coreceptor, which inhibits the 3-catenin destruction complex
and increases the level of cytoplasmic unphosphorylated (stable) 3-catenin (Figure 1B).
[3-catenin then enters the nucleus, where it acts as a cofactor for various proteins such as
TCF/LEF (T-cell specific factor/lymphoid enhancer factor), p300, CREB-binding protein,
Pygopus, and Bcl-9. These protein complexes, in turn, activate the transcription of Wnt
target genes such as c-Myc, cyclin D1, and p21CIP1/WAF1 (or cyclin-dependent kinase [5].
The extracellular domain of «-klotho, an antiaging protein, can activate dickkopf (DKK;
a secreted inhibitor of canonical Wnt signaling) to prevent Wnt ligands from binding to
their receptors (Figure 1C) [6]. As a result, downstream elements such as the expression of
[3-catenin and the translocation of (3-catenin to the nucleus are downregulated, which leads
to the decreased expression of Wnt target genes [6].

2.2. Noncanonical Wnt Pathways, B-Catenin Independent

-catenin-independent pathways are the noncanonical PCP and Wnt/calcium path-
ways, which have some interactions with the canonical Wnt pathway. The noncanonical
PCP pathway begins with Wnt proteins attaching to Frizzled receptors, along with par-
ticipating coreceptors, receptor tyrosine kinases RYK and ROR, which control the activity
of GTPases such as RhoA (Ras homolog gene family member A), RAC (Ras-related C3
botulinum toxin substrate), and CDC42 (cell division control protein 42). These GTPases
have a role in cytoskeleton remodeling and affect the transcriptional activation of target
genes, which leads to cell adhesion and migration [7].

The Wnt/calcium pathway is activated by Wnt5a and Frizzled 2, which cleaves G-
proteins, inducing calcium (Ca?*) to be released into the cytoplasm. The noncanonical
calcium-dependent pathway has an important role in the attachment of RYK or ROR (alter-
native receptors), which affects cell migration and inhibition of the Wnt canonical pathway.
This is accomplished through the regulation of intracellular calcium flux and the activation
of calmodulin kinase II, JNKs (c-Jun N-terminal kinases), and protein kinase C [8].

2.3. Crosstalk between Wnt and Notch Signaling Pathway

The Notch pathway—another highly conserved signaling pathway that critically regu-
lates cell fates, cell proliferation, and cell death during development [9]—interacts with the
Wnt/ 3-catenin pathways for developmental processes [9]. The Notch receptor negatively
regulates the stability of 3-catenin. In contrast, HES] (the gene encoding a Notch ligand)
is a target of Wnt/ 3-catenin signaling and is regulated by the Wnt signaling pathway. In
addition, glycogen synthase kinase-33 can phosphorylate the Notch intracellular domain,
which increases its level in the nucleus [10].
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Figure 1. The canonical Wnt (Wingless-Type MMTYV Integration Site)/3-catenin Pathway. (A) Wnt
in the “off” state. When Wnt receptor complexes are not bound by the ligands or if Wnt ligands
are absent, the destruction of 3-catenin, formed by Axin, APC (adenomatous polyposis coli), and
GSK (glycogen synthase kinase)-3f3, phosphorylate 3-catenin. Phosphorylated (3-catenin is targeted
for rapid degradation by the proteasome. In the nucleus, the transcription of Wnt target genes is
inhibited (red X). (B) Wnt in the “on” state. When Wnt proteins bind to Frizzled receptors and LRP
(lipoprotein receptor-related protein) coreceptors in response to stimuli such as inflammation, cancer,
and aging, the Frizzled /LRP coreceptor complex activates the canonical Wnt signaling pathway by
suppressing the activity of GSK-3f and regulating the docking of Axin. The recruitment of Axin away
from the destruction complex leads to the stabilization of 3-catenin (unphosphorylated 3-catenin).
In the nucleus, the B-catenin and TCF/LEF complex leads to the transcriptional activation of Wnt
target genes. (C) The antiaging protein Klotho is an endogenous Wnt antagonist. Soluble Klotho
effectively binds to dickkopf (DKK), which prevents Wnt ligands from binding to their receptors,
thereby negatively controlling Wnt action.

3. Wnt Signaling in GI Stem Cells

Wnt signaling has been implicated in the control over adult mammalian tissue stem
cells, including stem cells in the GI tract. Intestinal stem cells (ISCs) can self-renew by
removing dead cells and renewing the epithelium with new cells every 3 to 4 days through-
out life [11]. ISCs differentiate into a population of nonspecific transit-amplifying cells that
rapidly proliferate and migrate vertically along an intestinal crypt to produce multiple
cell lineages. The homeostasis of ISCs highly depends on the Wnt/ 3-catenin signaling
pathway [12]. The gradient of Wnt levels along the crypt—villus axis is produced by Wnt3a,
a canonical Wnt agonist, from Paneth cells (specialized secretory cells located at the bottom
of intestinal crypts), not epithelial or subepithelial cells [13]. The ISC-specific expression
of R-spondin 1 controls the upward movement of progeny cells from the crypt bottom
to the villus and induces them to differentiate into various cell types [14]. Several key
regulators of Wnt signaling in ISCs include knockdown of transcription factor 4, knock-
down of Myc (mostly referred to as c-Myc), and upregulation of DKK. The manipulation
of these key regulators can cause an aberrant gradient of Wnt activity, which disrupts the
intestinal crypt—villus structure [15,16]. The conditional deletion of Myc from the intestinal
epithelium causes crypt atrophy, which occurs by the clearing of Myc-deficient cells from
the epithelium. Together, these findings emphasize the critical roles of canonical Wnt
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signaling in the maintenance of ISCs. Compared to canonical Wnt signaling, noncanonical
signaling is involved in cell polarity and motility [17]. Of note, noncanonical Wnt signaling
is required for the migration of ISCs to regenerate in response to injury [18,19]. Thus, the
interrelationship between the Wnt signaling pathways might be a potential pathological
mechanism of several diseases.

The enteric nervous system is an extensive network of enteric neurons and glial
cells located along the GI tract which controls digestive functions [20]. Enteric neural
progenitor/stem cells (ENSCs) for the enteric nervous system might serve as a possible
source for cell-based treatment of neurogastrointestinal disorders such as Hirschsprung
disease [21]. Although the maintenance of ENSCs also depends on Wnt signaling, the
detailed mechanism of Wnt signaling in ENSCs and their roles in GI diseases remain unclear
and will require further studies [22,23]. Recently, single nucleus RNA-seq for the isolation
of intact nuclei and ribosome-bound RNA and mining rare cells sequencing (MIRACL-seq)
for label-free profiling displayed diverse enteric neurons, epithelial, stromal, and immune
cells and also revealed the putative interactions of these cells. Future works will dissect
these interaction and clarify in the context of several GI diseases and disorders [24,25].

4. Wnt Signaling in GI Inflammation

Inflammatory bowel disease (IBD) is an immune-mediated disorder characterized by
long-lasting inflammation of the GI tract. Types of IBD include ulcerative colitis charac-
terized by chronic inflammation and ulcer of the large intestine and rectum and Crohn’s
disease characterized by inflammation of the whole GI tract, mainly the small intestine. The
hallmark of IBD is chronic recurring inflammation of the intestinal mucosa, which cause di-
arrhea, rectal bleeding, abdominal pain, and weight loss. While the main causes of IBD are
not fully understood despite decades of intensive investigation, the interaction between the
immune systems, environmental factors and (epi)genetics may underlie the pathogenesis.
As mentioned above, Wnt signaling is generally considered as a key player in cell fate deter-
mination, cell polarity and organogenesis, and it is not an inflammatory pathway. However,
there is accumulating evidence that Wnt signaling is linked to an inflammatory pathway in
IBD and might be a potential therapeutic target. During colitis, tumor necrosis factor-alpha
(TNF«), a central regulator of inflammation, upregulates Wnt/ 3-catenin target genes, and
TNFax-induced Wnt/ 3-catenin activation is protective against apoptosis in ISCs [26]. These
findings indicate that TNFa-induced Wnt/ 3-catenin signaling plays crucial roles in wound
healing in IBD. In contrast to TNF«, transforming growth factor-beta (TGFf3), an inhibitory
cytokine, induces DKK leading to reduced Wnt signaling in intestinal epithelial cells [27].
These experimental findings are confirmed by a clinical study indicating that DKK expres-
sion was higher and 3-catenin expression was lower in IBD patients [28]. Importantly,
DKK expression was reduced and 3-catenin expression was increased after TNFx blockade
by infliximab, which is a chimeric monoclonal antibody against TNFa [28], suggesting
DKK and f3-catenin expression as potential biomarkers of inflammation in IBD patients. In
contrast, non-canonical Wnt/ 3-catenin agonist Wnt5a plays a critical role in the regulation
of inflammatory cytokines during colitis, and Wnt5a expression is inversely correlated
with inflammation and TNF expression in IBD patients [29]. Interestingly, Wnt5a peptide
suppresses experimental colitis in mice, and Wnt5a might be a potential therapeutic option
for IBD [29].

Wnt signaling’s relationship with inflammation is not concentrated solely in the in-
testines, as the development of esophagitis has shown a clear correlation with the regulation
of the Wnt pathway. Esophagitis is a disorder that is heavily characterized by an inflamed
esophagus caused by either an overabundance of eosinophils or chronic acid reflux [30],
and a dysregulation of Wnt signaling was reported in esophagitis [31]. A recent study
demonstrates that the Wnt pathway regulates the cell lineages of the esophagus [32] and
dysregulation of Wnt signaling and upregulation inflammatory cytokines were reported in
esophagitis [31,33]. These findings suggest that tissue remodeling caused by the inflam-
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mation of esophagitis, and the subsequent diversion from the Wnt pathway implies Wnt’s
role as a regulator of esophageal tissue maintenance during inflammation.

Helicobacter pylori (H. pylori) is a bacteria strain known to infect the gastric mucosa of
humans and is associated with increased inflammation in the upper GI tract [34]. The bacte-
rial infection increases in risk especially in the elderly, often bringing peptic ulcer diseases,
chronic gastritis, and gastric cancer development, which is the fourth most common cause
of cancer worldwide. Regarding cellular senescence (a state of irreversible cell cycle arrest
associated with chronic inflammation), H. pylori often causes oxidative DNA damage to
mucosal tissue [35]. Not only that, H. pylori increases the inflammatory environment via
mucosal lesions and nitric oxidation. Given how oxidative DNA damage often leads to
the accumulation of senescent cells, this implies that H. pylori increases senescence in the
gastric mucosa. H. pylori infections have even been shown to upregulate Wnt/ 3-catenin
target genes, which can lead to either cell proliferation or onset gastritis [36-38]. This sug-
gests a possible connection between the Wnt/ 3-catenin pathway and H. pylori. Although
inhibitors of Wnt/ 3-catenin have been studied in gastric cancer [39], these inhibitors have
not been tested in H. pylori-induced gastritis, and further investigation is warranted.

Most reagents targeting Wnt signaling interact with both canonical and noncanonical
Wnt signaling pathways and lack of cell specificity. Improvement of both the selectiv-
ity of signaling and cell specificity might increase the beneficial effects in various GI
inflammatory disorders.

5. Wnt Signaling in GI Cancer

The overactivation of Wnt signaling is mainly caused by sequence variations in adeno-
matous polyposis coli (APC) or (3-catenin, as observed in GI cancers [40]. APC variations
do not directly affect Wnt signaling, but regulation of APC is essential for this pathway.
Tumors with APC variations have variable levels of nuclear (3-catenin [41,42]. Interestingly,
recent reports demonstrated that Apc mutant ISCs selectively replace normal (Apc wild type)
ISCs and facilitate intestinal tumor formation [43]. This replacement is promoted by Notum,
which is an Wnt deacylase that disrupts Wnt ligand binding to Frizzle receptors [44] se-
creted by Apc mutant ISCs. Importantly, the “supercompetitor” phenotype is also observed
in KRAS (KRAS proto-oncogene, GTPase) and PI3K (phosphoinositide 3-kinase) mutant
ISCs [45], suggesting these phenotypes are common to ISCs with different oncogenic muta-
tions. The Wnt pathway also has a critical role in the epithelial-mesenchymal transition of
tumor cells, which is a developmental program and key driver of cancer metastasis [46].
Another important aspect of Wnt signaling is that Wnt/ 3-catenin is positively associated
with cancer cell resistance to chemotherapy and radiation [47]. The upregulation of this
signaling pathway results in cancer cell protection from apoptosis and cell-cycle arrest [48].
Moreover, high levels of Wnt signaling increase DNA damage repair, which can increase
resistance to the PARP (poly-ribose polymerase) inhibitor in gynecologic cancers [49]. In
contrast, the promoter of the multidrug resistance gene ABCB1/multidrug resistance mutation
1 (MDR1) consists of several TCF binding parts that affect its transcription in colorectal
cancer [50]. Oxaliplatin inhibits the Wnt/3-catenin signaling pathway by suppressing
the expression of MDR1/P-glycoprotein, which suggests that 3-catenin reduction could
decrease the transcription and expression of the MDR1 gene [51,52].

Akt-regulated pathways are frequently dysregulated due to sequence variations of
p100c subunit of PI3K in many cancers, including colorectal cancers [53]. Akt is phosphory-
lated by protein kinase CK2, which is formerly known as casein kinase 2. Sequentially, Akt
also phosphorylates (3-catenin at Ser-552 to stabilize and activate canonical 3-catenin [54].
The integration of these two critical signaling pathways enhances cancerous growth and
confers resistance against current therapies [55,56]. The molecular mechanism responsi-
ble for the crosstalk between the Wnt/ 3-catenin and CK2/PI3K/Akt pathways in cancer
remains unclear and requires further investigations.

p53 is a key cell-cycle inhibitor that regulates cell death [57]. This pathway and other
mechanisms mediated by p53 cause downregulation of the 3-catenin level. Thus, p53
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has both negative and positive roles in the regulation of Wnt/3-catenin signaling. The
translation, stability, and transcriptional activity of p53 are increased by 5-fluorouracil
(5-FU), which is one of the most commonly used drugs to treat cancers [52]. 5-FU promotes
various anticancer processes such as apoptosis and cell-cycle arrest [52]. More particularly,
5-FU activates p53-induced Wnt3 transcription in colonic stem cells, which is followed by
the activation of Wnt/ 3-catenin signaling in tumor cells [52]. These findings suggest that
the blockade of Wnt/ 3-catenin signaling or one of the downstream pathways can increase
the therapeutic responsiveness of cancers to chemotherapy:.

Although Wnt/ 3-catenin signaling is important for the development of GI epithelial
tumors, it also has a crucial role in gastrointestinal stromal tumor (GIST), which is a type
of rare tumor that occurs in the GI tunica muscularis [58]. GIST is thought to arise from
the interstitial cells of Cajal (ICC), electrical pacemakers and mediators of neuromuscular
neurotransmission, or from the stem cells of ICC (ICC-SC) [58,59]. Imatinib mesylate, a
KIT/platelet-derived growth factor « tyrosine kinase inhibitor, remains the first line of
treatment for advanced GIST, but complete cure is rare [60]. Wnt/ 3-catenin signaling is
critical for ICC/ICC-SC growth and maintenance, but its role in GIST is unclear [61]. A
subtype of GIST expresses [3-catenin and displays dephosphorylated (active) (3-catenin
during tumorigenesis [62]. The potent and clinically promising tankyrase inhibitor G007-
LK, which inhibits the CREB-binding protein/3-catenin complex, has antitumor activity in
KitV2%85/+ mice (a mouse model of spontaneous GIST), and this effect is enhanced in the
presence of imatinib mesylate [62]. Therefore, the inhibition of Wnt/ 3-catenin signaling
seems to be a promising therapeutic approach for advanced GIST, especially imatinib-
resistant GIST. Small interfering RNA (siRNA)-mediated knocking down (3-catenin has also
been found to prevent the proliferation of ICC-5C, a possible origin of GIST precursors [63],
suggesting that inhibitors of Wnt/3-catenin signaling may prevent imatinib-resistant GIST
via the targeting of their stem cells. Given the interaction of Wnt signaling with other key
molecules and pathways in GI cancers as described above, future studies should focus on
the crosstalk between Wnt and related signaling networks.

There have been no FDA (Food and Drug Administration)-approved Wnt/ 3-catenin
inhibitors despite great efforts. Clinical trials of several inhibitors for GI cancers are ongoing
or/and completed (Table 1). As described above, the Wnt/3-catenin targeted interventions
have been proved to represent promising candidates for GI cancers. Further investigations
of clinical trials are warranted to confirm the safety, efficacy and patient stratification.

Table 1. Wnt/ B-catenin inhibitors in clinical trials for GI cancers.

Drug Modality Stage Identifier Indication Status
CGX1321-101 Small molecule Phase 1 NCT02675946 Solid tumors, GI cancers Recruiting
WNT974 Small molecule 115}1;1255512 NCT02278133 Metastatic colorectal cancer Completed

Pancreatic cancer
WNT974 Small molecule Phase 1 NCT01351103 BRAF mutant colorectal cancer Completed
Esophageal squamous cell cancer

Antibody-drug Gastric cancer .
VLS-101 conjugate Phase 2 NCT04504916 Pancreatic cancer Recruiting
Ipafricept Recom;i(r’\{ae rilrtlfusion Phase 1 NCT01608867 Colorectal, Pancreas cancers Completed
ETC-159 Small molecule Phase 1 NCT02521844 Solid tumors including colorectal Recruiting

. Recombinant fusion Recurrent platinum-sensitive

Ipafricept protein Phase 1b NCT02092363 ovarian cancer Completed

6. Aging and Cellular Senescence

Aging is a complicated biological process regulated by various factors including ge-
netic background and environmental stresses. Cellular senescence, a stress-responsive,
irreversible cell-cycle arrest, seems to have a central role in aging and aging-related disor-
ders and diseases. Interestingly, a connection exists between the Wnt signaling pathway
and senescence via the interaction between the antiaging «-klotho protein and Wnt pro-



Physiologia 2023, 3

92

teins [64,65]. «-Klotho is a transmembrane protein that is cleaved to form a circulating
peptide [66,67]. The protein is primarily present in the kidney, and the x-klotho gene, KL, is
located on chromosome 13 in humans and on chromosome 5 in mice [68,69]. «-Klotho has
multiple functions for organ protection [70]. Transgenic mice engineered to overexpress o-
klotho under the control of human elongation factor 1oc promoter (EFmKL46 and EFmKL48
mice) have extended life spans [71]. In contrast to EFmKL46 and EFmKL48 mice, progeric
mice hypomorphic for the o-klotho gene (klotho mice) have the development of multiple
aging phenotypes after weaning and have premature death around age 60 days [69].

As described above and shown in Figure 1C, the cleaved (secreted) x-klotho protein
inhibits canonical Wnt signaling via DKK [72]. Thus, Wnt signaling activity is augmented
in progeric klotho mice, which is associated with a decreased stem cell population and more
senescent cells in the skin and the small intestine [6]. These findings suggest that canonical
Wnt signaling activation has an important causal role in the aging of some organs. Similar
to the process of skeletal muscle aging, canonical Wnt signaling is activated with age, and
this overactivation of Wnt signaling is associated with a decrease in ICC (Figure 2B) [61].
This decrease reflects reduced ICC-SC proliferation and self-renewal [73]. p53 is involved
in this phenomenon owing to the upregulation of canonical Wnt signaling [61]. In sharp
contrast to GI tunica muscularis, aged intestinal mucosa has decreased levels of canonical
Wnts, which leads to a decreased number and function of ISCs, as shown in both mice
and humans (Figure 2A) [74,75]. The decrease in Wnt with age is mediated by Notum, an
extracellular Wnt inhibitor, which is produced by aged intestinal Paneth cells [76]. This ISC
aging mechanism is consistent with the mechanism of hematopoietic stem cell aging, in
which their aging is accompanied by a related decrease in Wnt signaling [77]. Importantly,
the addition of exogenous Wnt3a or pharmacologic Notum inhibition can restore aged ISC
function [74]. The cause of differential Wnt signaling with age between tunica mucosa
and tunica muscularis in the GI tract remains unclear, but further investigations into
this cause may lead to a better understanding of the (patho)physiology in the GI tract
apparatus [61,74].

A
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Transit amplifying cell
Intestinal stem cells
Paneth cells
nt Signaling decreases
ith age )
Tunica
Mucosa
B icc Tunica
Stem muscularis
Cells
' Differentiation ’ Differentiation
- Interstitial cells — =
of Cajal (ICC) -

Figure 2. Proposed Link Between Wnt (Wingless-Type MMTV Integration Site) Signaling, Intestinal
Stem Cell Aging, and Interstitial Cell of Cajal (ICC) Stem Cell Aging. (A) In the tunica mucosa, aging-
related reduced Wnt signaling leads to decreased numbers of intestinal stem cells and proliferating
cells, whereas Paneth cells are increased. (B) The Wnt signaling pathway is overactivated in the aged
gastric tunica muscularis and leads to decreased ICC and ICC stem cells.
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7. Conclusions and Future Directions

As summarized above, Wnt signaling has a critical role in development, cancers,
inflammation and aging in the GI tract. Although the detailed function and specificity
of Wnt signaling are still unclear in some human organs, a growing body of research
suggests a strong correlation between uncontrolled Wnt signaling and many types of
human diseases and disorders. Wnt signaling has been shown to be tied with the regulation
of GI stem cells, which can lead to aberrant intestinal crypt-villus structure due to either
downregulation or upregulation. Wnt upregulation due to inflammatory factors coincides
with cancer development due to Wnt's relationship with metastasis and chemotherapeutic
resistance. Combining these two functions of Wnt signaling shows that it is a major
maintenance pathway that, when disrupted, can lead to hardy tumors. Despite intense
efforts, the intervention of targeting Wnt signaling has not been translated into the clinic
due to widespread effects of Wnt signaling in normal and diseased states. Hence, further
investigation of Wnt signaling should focus on the exploration and characterization of
tissue-specific Wnt signaling pathway and its crosstalk with other signaling pathways.
This is critical for a better understanding of many pathophysiologic pathways and for
developing novel treatments to prevent or reverse various human diseases and disorders.
Furthermore, cutting-edge sequencing technologies integrated with multi-omics methods
may help us reveal the single cell profile and cell interaction of complex organs and tissues
leading to the novel diagnosis and treatment of Wnt signaling-associated diseases and
disorders.
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Abbreviations

5-FU 5-fluorouracil

APC adenomatous polyposis coli

BRAF B-RAF proto-oncogene

CDC42  cell division control protein 42
DKK dickkopf

ENSC enteric neural progenitor/stem cell
FDA Food and Drug Administration

GI gastrointestinal

GIST gastrointestinal stromal tumor
1BD inflammatory bowel disease
ICC interstitial cells of Cajal
ICC-SC  ICC stem cell

1SC intestinal stem cell

JNKs c-Jun N-terminal kinases

KRAS KRAS proto-oncogene
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LRP5/6 lipoprotein receptor-related protein5/6

MDR1 multidrug resistance mutation 1

PARP poly-ribose polymerase

PCP planar cell polarity

PI3K phosphoinositide 3-kinase

RAC Ras-related C3 botulinum toxin substrate
RhoA Ras homolog gene family member A

siRNA small interfering RNA
TCF/LEF  T-cell specific factor/lymphoid enhancer

TGFp transforming growth factor-beta
TNFo tumor necrosis factor-alpha
Wnt wingless-type MMTYV integration site
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