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Wnt signaling is one of the central mechanisms regulating tissue morphogenesis during

embryogenesis and repair. The pivot of this signaling cascade is the Wnt ligand, which

binds to receptors belonging to the Frizzled family or the ROR1/ROR2 and RYK family.

This interaction governs the downstream signaling cascade (canonical/non-canonical),

ultimately extending its effect on the cellular cytoskeleton, transcriptional control of

proliferation and differentiation, and organelle dynamics. Anomalous Wnt signaling has

been associated with several cancers, the most prominent ones being colorectal, breast,

lung, oral, cervical, and hematopoietic malignancies. It extends its effect on tumorigenesis

by modulating the tumor microenvironment via fine crosstalk between transformed cells

and infiltrating immune cells, such as leukocytes. This review is an attempt to highlight

the latest developments in the understanding of Wnt signaling in the context of tumors

and their microenvironment. A dynamic process known as immunoediting governs the

fate of tumor progression based on the correlation of various signaling pathways in

the tumor microenvironment and immune cells. Cancer cells also undergo a series of

mutations in the tumor suppressor gene, which favors tumorigenesis. Wnt signaling,

and its crosstalk with various immune cells, has both negative as well as positive effects

on tumor progression. On one hand, it helps in the maintenance and renewal of the

leucocytes. On the other hand, it promotes immune tolerance, limiting the antitumor

response. Wnt signaling also plays a role in epithelial-mesenchymal transition (EMT),

thereby promoting the maintenance of Cancer Stem Cells (CSCs). Furthermore, we have

summarized the ongoing strategies used to target aberrant Wnt signaling as a novel

therapeutic intervention to combat various cancers and their limitations.
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INTRODUCTION

Tumorigenesis is a multifaceted process largely occurring due to the accumulation of mutations in
the tumor suppressor genes and oncogenes. These mutations lead to uncontrolled proliferation
and resistance to cell death. The sustenance and fate of a tumor is dictated by the tumor
microenvironment, which fulfills the needed requirements of energy, growth-factors, chemokines,
cytokines, and autocrine/paracrine signals, thereby attracting a wide variety of cell types (1).
The tumor microenvironment consists of fibroblasts, immune cells, endothelial cells, and the
extracellular matrix. The fine balance between these cells and the transformed cells is decided
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by the variety of signaling pathways; one such critical pathway is
the WNT signaling cascade. Wnt signaling controls a plethora
of functions with the help of 19 Wnt proteins, 2co-receptors,
10 Frizzled (Fzd) receptors, and various non-Fzd receptors, for
example the Receptor Tyrosine Kinase-like Orphan Receptor
and the Ryk Receptor-like Tyrosine Kinase (2). Wnt ligands are
secreted lipid-modified glycoproteins and have varied functions
that include hematopoietic stem cell maintenance, cell migration,
cancer stem cell survival and maintenance, and inflammation
and immune tolerance (3–5). These ligand–receptor interactions
activates various signaling cascades that are important for cellular
homeostasis, oncogenic transformation, tumor progression, and
metastasis (3, 6). The Wnt signaling pathway is known to
be critical in T cell and dendritic cell development and
maturation, which are the epicenter of the adaptive immune
response, making it a vital signaling pathway for fighting
various pathophysiological disorders (5). Due to its involvement
in diverse functions, any aberration or de-regulation of this
pathway causes several types of cancers and/or developmental
defects. It regulates the anticancer immune response and has
shown correlation with poor prognosis and survival of cancer
patients. The tumor microenvironment (TME) is a source of
both canonical and non-canonical Wnt ligands and can induce
aberrant signaling pathways in the cancer cells and immune cells,
leading to EMT and altered immune response (7, 8). For several
years, it has been established that the Wnt/β-catenin pathway is
indispensable for cancer cell survival and maintenance, making it
a lucrative target for an anticancer therapy regimen. VariousWnt
inhibitors are undergoing clinical trials for therapeutic purposes
(alone or in combination with other anti-cancer drugs). This
review highlights the role of Wnt/β-catenin signaling cascade in
tumor microenvironment and its effects in cancer progression
and survival. We conclude by accentuating the potential of
Wnt/β-catenin inhibitors in the harnessing of new anticancer
therapeutics by targeting cancer microenvironment.

WNT SIGNALING

In 1973, thewingless gene was discovered during a mutagenesis
screening for temperature-sensitive mutants in Drosophila
melanogaster (9). Consequently, many other genetic components
involved in embryonic pattern formation were identified (10).
The foundation research for Wnt signal transduction was carried
out in the 1980s and 1990s, and it was established that the gene
products of the Drosophila wingless (wg) and murine proto-
oncogene Int1 (now calledWnt1) are orthologous (11). The term
“Wnt1” is an amalgamation of wingless and Int1 (12).

WNTs are a large family of secreted, hydrophobic, and
Cys-rich glycolipoproteins that direct developmental processes,
stem cell proliferation, and tissue homeostasis throughout the
metazoans (13, 14). As a result, any abnormality in the Wnt
signaling pathway causes pathological conditions such as birth
defects, cancers, and other diseases (15). In humans, there are
19 genes encoding WNTs that connect to various receptors
and stimulate different intracellular signal transduction pathways
(16). Based on different studies, these pathways have been

roughly divided into either canonical (β-catenin dependent)
or non-canonical (β-catenin independent) signaling pathways
(16), as is described in the subsequent section. Depending upon
their potential to induce morphological transformation in a
murine mammary epithelial cell line (C57MG), the Wnt family
has been categorized into different types (17). Wnt1, Wnt3,
Wnt3a, andWnt7a fall under the category of highly transforming
members, and Wnt2, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b,
and Wnt11 are grouped under intermediately transforming or
non-transforming members (13). In general, Frizzled proteins
function as common receptors for both canonical as well as
non-canonical pathways (16).

Canonical Wnt Signaling
The canonical Wnt signaling pathway is a well-studied pathway
that is activated by the interaction of Wnt with a Frizzled (Fz)
receptor and LRP5/LRP6, where LRP stands for lipoprotein
receptor-related protein (which is a single-span trans-membrane
receptor) (16). Once bound by Wnt, the Fz/LRP co-receptor
complex stimulates the canonical signaling pathway. Upon
activation, Fz can interact with a cytoplasmic protein called
Disheveled (Dsh), which acts upstream of β-catenin GSK3β
(15). Research studies have identified Axin as a protein that
interacts with the intracellular domain of LRP5/6 through five
phosphorylated PPPSP motifs in the cytoplasmic tail of LRP
(18, 19). GSK3 phosphorylates PPPSP motifs, whereas Casein
kinase 1-γ (CK-1γ) phosphorylates multiple sites within LRP5/6,
which in turn promote the recruitment of Axin to LRP5/6. CK-1γ
isoforms within the CK-1 family carry putative palmatoylation
sites at the carboxy terminal (20).

In unstimulated situations when Wnt is inactive, the
transcriptional co-activator β-catenin is rendered inactive due
to its phosphorylation by GSK-3. Inactivation of β-catenin
is characterized by the formation of a “destruction complex”
that comprises of GSK3, adenomatosis polyposis coli (APC),
Axin, and casein kinase Iα (CKIα) (16). This destruction
complex leads to the ubiquitination of β-catenin by an E3
ubiquitin ligase called β-TrCP and targets it for proteasomal
degradation (21). As a result, β-catenin is not translocated
to the nucleus and the repressor complex containing T-
cell specific factor (TCF)/lymphoid enhancer-binding factor
(LEF) and transducing-like enhancer protein(TLE)/Grouche
binds and represses the activity of the target gene (14, 22,
23). Following the binding of Wnt to Frizzled-Axin-LRP-5/6
complex, cytosolic GSK-3β (Glycogen synthase kinase-3 beta) is
sequestered, and the phosphorylation of β-catenin is blocked.
The accumulation of hypo-phosphorylated β-catenin in the
cytosol allows its migration to the nucleus, where it regulates
target gene expression by interacting with the TCF/LEF family
of transcription factors (Figure 1). This signaling is implicated in
the regulation of cell differentiation and proliferation (3, 24).

Non-Canonical Wnt Signaling
The β-catenin-independent pathway does not involve
β-catenin–TCF or β-catenin–LEF components but utilizes
alternative means of downstream signaling, which may elicit
a transcriptional response. These pathways are categorized
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FIGURE 1 | Canonical Wnt signaling. In the absence of a Wnt ligand (left), the phosphorylation of β-catenin by destruction complex (composed of axin, APC, CK1,

and GSK3β) leads to its ubiquitination by β-TrCP targeting it for proteasomal degradation. The absence of β-catenin in the nucleus results in the binding of the

repressor complex containing TCF/LEF and TLE/Grouche to the target gene and thereby repressing its activity. Once the Wnt ligand binds to the Frizzled receptor and

LRP co-receptor (right), LRP receptors are phosphorylated by CK1 and GSK3β, resulting in the recruitment of Dvl proteins to the plasma membrane where they

activate and scaffold the β-catenin destruction complex. This results in the accumulation of β-catenin in the cytoplasm and its translocation to the nucleus where it

forms a complex with TCF/LEF and transcribes target genes.

depending on the type of Wnt receptor and co-receptor they
employ and the downstream receptors they pair with (16). The
non-canonical signaling majorly activates PCP, RTK, or Ca+2

signaling cascades through FZD and/or ROR1/ROR2/RYK
co-receptors (25). The typical example of the β-catenin
independent pathway is the PCP signaling pathway. Human
non-canonical WNTs generally include Wnt5A, Wnt5B, and
Wnt11, which transduce PCP (Planar Cell Polarity) signals
through the receptors; FZD3 or FZD6; and co-receptors
ROR1, ROR2, or PTK7 (26). In the PCP pathway, the Frizzled
receptor activates a cascade involving a small Rho family of
GTPases (Rho, Rac, and Cdc42) and Jun-N-terminal kinase
(JNK) [Figure 2; (27, 28)]. The PCP pathway is involved in
regulating cell polarity during morphogenesis. Another example
of β-catenin-independent signaling is the Wnt-Ca+2 pathway.
NFAT (nuclear factor of activated T cells) and TAK1-induced
Nemo-like Kinase (NLK) are calcium regulated transcription
factors of the non-canonical pathway (29, 30). The binding
of Wnt ligand to a Fz receptor results in the activation of
phospholipase C, which is located on the plasma membrane
of the cell. This, in turn, stimulates the production of certain
signaling molecules, such as diacylglycerol (DAG) and 1, 4,
5-triphosphate (IP3). IP3 triggers the intracellular release of
Ca+2 ions and activation of effector molecules like protein
kinase C (PKC), calmodulin-dependent kinase II (CAMKII), and

calcineurin. This consequently activates the transcriptional
regulator NFAT (Figure 2). The Wnt/Ca+2 pathway is
implicated in cancer, inflammation, and neurodegenerative
diseases (31).

TUMOR MICROENVIRONMENT

The cooperative interaction between cells and their
microenvironment is imperative for normal tissue homeostasis
as well as for tumor growth (32). The tumor microenvironment
(TME) has a pivotal role in modulating the metastatic properties
of cancer cells and, thus, cancer progression. A range of stromal
cells in the adjoining environment are recruited to tumors and
facilitate the metastatic distribution to even the most remote
organs (33). Solid tumors are not just the arbitrary combination
of cells and the extracellular matrix (ECM), they also include
adjoining blood vessels, i.e., vasculature and multiple cell types
(fibroblasts, endothelial, immune cells, etc.), signaling molecules,
and ECM components, which develop complex interactions
and start utilizing processes that are similar to those used by
developing organs (34). In addition to the abovementioned
components of TME, some other components also exist; for
example, adipose cells and neuroendocrine cells within the
tumor microenvironment also have an important role in tumor
aggression and invasiveness. Recent developments in tumor
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FIGURE 2 | Non canonical Wnt signaling. In Wnt/PCP signaling (left), the binding of Wnt ligands to ROR-Frizzled receptor complex results in the activation of Dvl. The

activated Dvl triggers the activation of small GTPase Rho by the de-inhibition of cytoplasmic protein DAAM. Rac1 and Rho together trigger ROCK and JNK and

promote polarized cell migration. On the other hand, the WNT/Ca+2 pathway (right) activates PLC to produce DAG and IP3, leading to intracellular calcium fluxes that

activate PKC isoforms other than calcineurin and calcium-modulated kinases (CAMKII), which then exhibit an NFAT-dependent transcriptional response.

immunology and immunotherapy have described IL-8 as a
potent biomarker in different tumors (35, 36). This may have
a profound effect on the tumor microenvironment as IL-8
receptor expression is not only found in cancer cells but also in
endothelial cells, TAMs, and neutrophils (37). The function of
different cells and their markers, along with the aforementioned
components, are compiled in the tabular form (Table 1).

Wnt Signaling and the Tumor
Microenvironment
The epithelial mesenchymal transition (EMT) is an indispensable
process throughout morphogenesis in which epithelial cells lose
cell–cell contact, polarity, and other properties of epithelial cells
and acquire the properties that are distinctive of mesenchymal
cells (like increased motility). Characteristic features of EMT
include the loss of E-cadherin at the plasma membrane,
the gain of vimentin and fibronectin, and the increased
accumulation of nuclear β-catenin. The transition from an
epithelial to mesenchymal cell type requires a range of inter-
or intra-cellular changes. In addition to performing normal
developmental processes, EMT also plays a key role in tumor
growth and progression if it goes unchecked (53, 54). The tumor
microenvironment (TME) plays a crucial role in assisting cancer
metastasis by inducing EMT in the tumor cells. Many different
signaling pathways are known to be involved in EMT, such as
TGF-β, NF-κB, Notch, Wnt, and receptor tyrosine kinase (55).
In this section, we discuss the role of TME in the activation

of the Wnt/β-catenin signaling pathway and, thus, epithelial to
mesenchymal transition.

Besides Wnt ligands, the growth factors secreted by stromal
cells of TME are also responsible for the activation of Wnt
signaling in the nucleus (56). For example, stimulation of
hepatocyte growth factor (HGF) in colorectal cancer cells (CRCs)
promotes phosphorylation of β-catenin in tyrosine residue and
its dissociation from Met (HGFR is encoded by proto-oncogene
MET) and thus upregulates β-catenin expression via the PI3-K
pathway. Moreover, augmented HGF levels enhance the activity
of the β-catenin-regulated TCF family of transcription factors.
Studies suggest thatMet and β-catenin also assist the entry of cells
into cell cycle and prevent them from undergoing apoptosis. For
example, c-Met overexpression is significantly correlated with
cervical cancer progression (57). Therefore, the crosstalk between
HGF released fromTME andWnt/β-catenin in CRCs encourages
tumor growth and invasion (58).

Another growth factor responsible for the activation of
Wnt/β-catenin signaling is the platelet-derived growth factor
(PDGF). A study by Yang et al. suggests that PDGF treatment
led to the phosphorylation of p68 (a member of the DEAD box
family of RNA helicases) at Y593 residue in the cell nucleus (59).
Y593 phosphorylated p68 promotes the nuclear translocation
of β-catenin by blocking its phosphorylation by GSK-3β and
dislodging axin from β-catenin. Subsequently, β-catenin interacts
with LEF/TCF in the nucleus and initiates the EMT process (59).
Likewise, EGF and TGF-β also induce p68 phosphorylation at
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TABLE 1 | Components of the tumor microenvironment: main markers and their key functions.

S. no. Component of TME Main markers Key functions Reference(s)

1 Vasculature Vascular endothelial growth factor (VEGF), CD31, CD34,

Placental growth factor (PlGF), Platelet derived growth

factor-β (PDGF-β), TGFα

Blood vessel formation and nutrient and oxygen

supply. Evacuate metabolic waste and CO2. Help to

escape immune surveillance

(38–40)

2 Cancer associated

fibroblasts (CAFs)

Epidermal growth factor (EGF), Fibroblast growth factor

(FGF), MMP2, CXCL12, CXCL14, Hepatocyte growth

factor (HGF), VEGF, PDGF, stromal cell derived factor-1

(SDF-1) and constituents of ECM (OPN)

Integrate collagen and protein to form the

Extracellular matrix (ECM), participate in wound

healing, and angiogenesis. Regulate inflammation

and escape damage to tissues.

(38, 40–42)

3 Inflammatory cells HMGB1, Foxp3+, TNF-1α, IL-10, IL-12, IL-6, TGF-β,

CD163+, KIR, PD-1+, IL-8, IL-4, IL-19, IL-17

Sustained immunosuppression, clearing cellular

debris, and treatment of wound healing and

infection. Expression of PD-L1 in TME and

activation of NK cells and T lymphocytes

(35, 36, 40, 43–45)

4 Extracellular matrix

(ECM)

Collagen, fibronectin, proteaglycans, laminin, laminin,

vitronectin, tenascin-C, SPARC

Provides mechanical strength. Makes it difficult for

drug to penetrate tumor

(46, 47)

5 Tumor associated

endothelial cells (TECs)

VEGFR, EGFR, VEGF, PGE2, TGF-β, IL-6 and IL-10, IL-8 Increased proliferation and migration properties,

angiogenesis, and immune suppression

(35–37, 48–50)

6 Adipose cells Aromatase inhibitors (AIs), methyl-CpG-binding protein 6

(MBD6)

Produce circulatory blood estrogen, vasculogenesis,

inflammation, fibrosis, source of adipokines (leptin,

adiponectin), remodeling ECM, recruitment of

immune cells, IL-6, IL-8, CCL2, and COX2

(40, 51)

7 Neuroendocrine cells Ki-67, IL-2, KE108, Delta-like canonical notch ligand 3

(DLL3), EGF, Chromogranin A (CgA)

Regulate secretion and motility, inflammation, and

angiogenesis

(40, 52)

tyrosine and require p68 for EMT initiation. Therefore, the p-68-
β-catenin axis may correspond to a common output for various
signaling pathways (54).

The vascular endothelial growth factor (VEGF) is another
growth factor that is regarded as the archetype molecule
in malignant phenotype (38). VEGF expression and micro-
vessel density are regarded as the prognostic factors for
poor outcomes in various cancers (60). For instance, the
overexpression of VEGFA in aggressive oral squamous cell
carcinoma (OSCC) may serve a vital prognostic factor for
this kind of cancer (61). In addition to VEGF, a transcription
factor known as the ETS-related gene (ERG) belonging to
ETS (E26 transformation-specific) family is also implicated
in angiogenesis and vascular development. Overexpression of
ERG in a mouse model reduces the vascular permeability and
increases VEGF-dependent angiogenesis throughWnt/β-catenin
signaling. This happens because ERG controls the transcription
of Fzd4 receptors and stabilizes β-catenin levels in endothelial
cells (62).

Cancer-associated fibroblasts (CAFs) are also known to play a
vital role in shaping the immunosuppressive environment within
the tumor, specifically in oral squamous cell carcinoma (OSCC),
wherein CAF-educated cells suppress the T cell population more
efficiently than the control cells (63). CAFs are also considered to
be amain source ofWnt2 in colorectal cancer where FZD8 acts as
a putative receptor of Wnt2 and is responsible for tumor growth,
invasions, and metastasis (64).

Prostaglandin E2 (PGE2) is an effective mitogen that is
secreted by TECs of the tumor microenvironment. It activates
β-catenin signaling and help in the proliferation of colon
cancer cells. Once stimulated, PGE2 can trigger EP2 receptors
linked to the heterotrimeric G protein of Gs family. The

activated α-subunit of Gs binds to the RGS domain of axin and
promotes the dissociation of GSK-3β from its complex with axin.
Consequently, free βγ subunits stimulate the activity of PI3K
and Akt, thereby resulting in phosphorylation and inactivation
of GSK-3β. All these processes lead to translocation of β-catenin
to the nucleus and stimulation of growth-promoting genes and,
thus, cancer progression (65).

The interaction of inflammatory cells with cancer cells is well-
studied. In colorectal cancer, the infiltratingmacrophages express
high levels of Wnt2 and Wnt5a in progression from normal
colorectal adenoma to carcinoma. In-situ hybridization studies
showed that transcripts ofWnt2 andWnt5a weremajorly present
in the lamina propria/stroma region within the macrophages.
This suggests that paracrineWnt activation by macrophages may
result in cancer progression (66). Wnt7b is another Wnt ligand
that is produced by macrophages residing in the tumor (67). One
study proposed a mechanism wherein macrophages produced
Wnt7b and initiated canonical the Wnt signaling pathway in
vascular endothelial cells (VECs) expressing LRP5 and Frizzled
in a paracrine fashion. This ultimately lead to the stabilization
of β-catenin and entry of VECs in the cell cycle. In the absence
of death/apoptotic signal to VECs, this provided a mechanism
for the stimulation of VECs via macrophages and tumor
angiogenesis (68). Also, Wnt ligands secreted by tumor cells
could stimulate the polarization of TAMs to M2 subtype via the
canonical Wnt signaling pathway, resulting in tumor growth and
migration (69). Moreover, macrophage-derived soluble factors
also induced canonical Wnt signaling pathway and promoted
tumor growth and metastasis. For example, tumor cells induced
the release of IL-1β from macrophages, thereby inducing the
phosphorylation of GSK3β and stabilizing β-catenin. This results
in higher expression of Wnt target genes in cancer cells. The
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constitutive expression of STAT1 in macrophages is required
for activation of IL-1β, which is essential in order for these
macrophages to induce Wnt signaling (70).

Components of the extracellular matrix (ECM) also regulate
tumor cells, particularly of the colon. Wnt ligands are expressed
in both epithelial and mesenchymal cells of the colon. Moreover,
aberrant Wnt signaling is also associated with the development
of colorectal cancer (71). Mesenchymal forkhead transcription
factors, Foxf1 and Foxf2, can promote ECM production in the
gut and can limit paracrine Wnt signaling. A study by Ormestad
et al. suggested a crosstalk between stromal cells and parenchymal
cells, which involves Wnt signaling. According to their findings,
deletion of Foxf1 and Foxf2 resulted in the enhanced expression
of Wnt5a in the mesenchymal cells and nuclear translocation of
β-catenin in epithelial cells. This resulted in over-proliferation of
intestinal cells, which are also resistant to apoptosis (72).

Altogether, these studies bring about the crucial role of
different components of the tumor microenvironment in
activation of Wnt/β-catenin signaling and, therefore, tumor
invasion and metastasis. The effect of Wnt/β-catenin signaling
on tumor immunomodulation is depicted in Figure 3.

WNT SIGNALING IN HAEMATOPOIESIS
AND IMMUNE CELL MAINTENANCE

WNT signaling works in a context-dependent manner. Under
different physiological conditions, it can positively or negatively
regulate immunosurveillance mechanisms in the tumor

FIGURE 3 | Tumor immunomodulation by Wnt/β-catenin signaling. Wnt

signaling induces elevated levels of intracellular β-catenin in malignant cells.

This leads to the subsistence of Tregs, differentiation of CD4+ T cells to Th17

subtype, and secretion of IL10 and IL12 by DCs and dampened effector

differentiation.

microenvironment. Wnt signaling is an important pathway
for immune cell maintenance and renewal. It regulates the
progenitor cell homeostasis, thereby controlling hematopoiesis.
Various Wnt ligands such as Wnt5a, Wnt10b, and Wnt16
have been reported in regulating hematopoiesis (73–75). Apart
from Wnt ligands, downstream molecules of Wnt signaling
also control the development and differentiation of various
hematopoietic cells. β-catenin is one of the most indispensable
molecules for both canonical and non-canonical Wnt signaling
and has been shown to positively regulate hematopoiesis, which
confers an increased population of hematopoietic stem cells
both in-vitro and in-vivo (76). GSK-3β inhibitors activates Wnt
signaling by blocking degradation of β-catenin in murine and
human HSCs. In-vivo administration of GSK-3β inhibitors has
shown potential effects in enhancing the HSCs engraftment
during bone marrow transplantation models (77). Besides its
role in hematopoiesis, Wnt signaling is also demonstrated
to play a role in thymocyte development where it helps in
proliferation of immature thymocytes (78). Wnt signaling is
involved in consecutive thymic selection events leading to
maturation of naive T cells. Wnt inactivation by Dickkopf-
related protein 1 (DKK1) in postnatal mice resulted in the loss
of progenitor thymic epithelial cells and thymic degeneration
(79), highlighting the importance of the presence of Wnt in the
microenvironment. Wnt signaling also plays a crucial role in the
B-cell development where it controls proliferation and survival
of progenitor B-cells. Lef-1-deficient mice showed defects in
progenitor B-cell proliferation and survival (80). Recently, it has
been shown that the canonical and non-canonical Wnt signaling
could contribute to the maintenance and differentiation of B-1
cells, a subpopulation of B cells localized in the peritoneum
(81). Thus, Wnt signaling plays a pivotal role in maintenance of
hematopoiesis and renewal of immune cells in circulation and
thereby positively regulates the anticancer immune response.

Wnt Signaling Dampens the Antitumor
Immune Response in the Tumor
Microenvironment
Wnt signaling also play a crucial role in dampening antitumor
immune response in tumor microenvironment. There are several
reports, which suggest that Wnt signaling encourages tumor
progression by promoting tolerance and the immune-escape
mechanism. The cumulative anti-tumor immune response
mediated by T cells, dendritic cells, B cells, macrophages,
neutrophils, and NK cells results in tumor regression caused
by elimination of cancer cells (82). Mutations and epigenetic
changes developed by tumors due to continuous stimulation
by carcinogens or the environmental factors alter the signaling
cascade in the tumor microenvironment (1). These changes
alter the phenotypic expression of chemokines, cytokines, and
some important ligands for the immune cells in the tumor
microenvironment resulting in tolerance and immune escape.
Recognition and elimination of the cancer cells is largely
dependent on antigen presenting cells (APCs), such as dendritic
cells (DCs), macrophages, and B cells, which have the ability
to present tumor associated antigens (TAAs) (83). Suppressor
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cells present in the tumor microenvironment, such as Treg,
myeloid-derived suppressor cells (MDSC), DC suppressor cells,
etc., induce tolerance and tumor progression (84, 85). Wnt
signaling has shown a contradictory role in the regulation of
MDSCs; on one hand it inhibits MDSC maturation, but, on
the other hand, it promotes VEGF expression, which positively
regulates MDSCs (86, 87). Also Wnt 5a induces IL12 expression
by the dendritic cells altering the suppressive function of MDSCs
(88, 89). Despite MDSCs suppression by Wnt signaling, its
presence in the Wnt active tumor microenvironment is highly
contradictory. This was partially explained with the presence
of Dkk1 secreted by the tumor stroma, which inhibits Beta-
catenin in MDSCs (90). To understand this puzzle of interplay
between Wnt signaling and MDSCs, further study is needed
that can correlate various driving factors working in different
context. Wnt signaling shows a negative correlation with TAA
presentation. Tumor-induced β-catenin signaling functions in
DCs to execute an exhaustive immune-effector phenotype in the
infiltrating antitumor CTLs (91). Wnt3a regulates canonical β-
catenin signaling in DCs, whereas the non-canonical signaling
cascade is regulated by Wnt5a, leading to a tolerogenic DC
phenotype (92, 93). Canonical Wnt signaling can potentially
regulate DC activation and maturation (94). It has been shown
that β-catenin deletion in DCs increased the surface expression
of co-stimulatory markers CD80 and CD86 and decreased
surface expression of co-inhibitory molecules like PDL1 and
PDL2 (95). This phenotype of DC exhibits a positive correlation
with antitumor immunity. On the contrary, β-catenin-active
tumors do not react to anti-CTLA-4/anti-PD-1 immunotherapy
(96). Therefore, a combinatorial therapy of the Wnt inhibitor
specifically targeting DCs along with PD1 and CTLA4 immune
therapy can work better for patients not responding to cancer
immune therapy.

WNT-β-CATENIN PATHWAY: A TARGET
FOR THERAPEUTIC INTERVENTIONS IN
CANCER

Apart from playing a vital role in various cellular activities like
organogenesis and stem cell regeneration, the Wnt/β-catenin
pathway is also associated with cancers, such as colorectal,
cervical, breast, lung, oral squamous cell carcinoma, and
hematopoietic malignancies and their recurrence. In this context,
targeting aberrant Wnt/β-catenin signaling as a therapeutic
intervention to combat the abovementioned cancers seems
a lucrative approach. However, the challenge here lies in
identifying effective agents that can target the Wnt pathway
without tampering the normal cellular functions like tissue repair
and homeostasis, the renewal of stem cells, and survival. The
detailed action of Wnt signaling in both canonical and non-
canonical pathway has been summarized in the prior sections.

Wnt pathway is observed to be upregulated in cancers.
Activation of Wnt leads to the loss of function of APC, which
is a negative regulator of cell proliferation. Inhibitors of the Wnt
signaling pathway can therefore have therapeutic values in cancer
treatment, andmultiple such targets have been identified wherein
inhibitors act at different steps of Wnt signaling pathway.

Broadly, these inhibitors can be classified into two categories: 1.
Inhibitors ofWnt-receptor complex, and 2. β-catenin destruction
complex inhibitors. The detailed mechanism of action of these
inhibitors and their subtypes has been briefed below. Also, a list
summarizing such drugs and their clinical trial status has been
appended in Table 2.

Inhibitors of the Wnt-Receptor Complex
Porcupine Inhibitors
Porcupine, abbreviated as PORCN, is an O-acyltransferase
(MBOAT) and plays a crucial role in Wnt ligand secretion by
providing the Wnt proteins with a palmitoyl group. It recently
became a highly druggable target for inhibiting Wnt signaling
pathways (97, 98). Moreover, PORCN is the only enzyme specific
to the Wnt cascade that is found to be upregulated in mouse
cancer models, and it is often regarded as a poor prognosis
marker for head and neck squamous cell cancers (99). In-vivo
studies have shown that selectively inhibiting PORCN by using
LGK974 blocks Wnt signaling and subsequently tumor growth
(100). Independent study has shown effectiveness of LGK974 in-
vitro on head and neck cancer cells with NOTCH1 mutations.
This molecule is now undergoing phase 1 and phase 2 clinical
trials. Another promising molecule for PORCN inhibition is an
oral, selective small molecule inhibitor, ETC-159, of porcupine,
which has shown favorable results in preclinical studies and has
now entered phase 1 of clinical trials (99).

Antibodies Against Wnt Family Proteins
Several tumors have been marked to be overexpressing Wnt
ligands and/or their receptors. This specific interaction is also
an attractive target, and many groups are working on antibodies
that can act at this point and lead to the inhibition of
further downstream signaling. Monoclonal antibodies (MAbs)
designed to bind Wnt1 and Wnt2 have shown to lead to tumor
suppression in a plethora of malignancies, including, but not
limited to, melanoma, colorectal cancers, and non-small cell lung
carcinoma (101).

OncoMed Pharmaceuticals/Bayer manufactured a MAb that
can target 5 Frizzled receptors and named it as OMP-18R5 or
Vantictumab (101). Its safety and efficacy in many cancers are
being evaluated alone or combined with other chemotherapeutic
regimes. A phase Ib study of a combination of OMP-18R5 with
other drugs was carried out in patients with stage IV pancreatic
adenocarcinoma and metastatic HER2-negative breast cancer
(102, 103). Another recombinant fusion protein that blocks the
Wnt signaling is OMP-54F28 (or Ipafricept). A first-in-human
phase I study of this decoy receptor for Wnt ligands is presently
being carried out in patients with advanced stages of solid tumors
(104). It binds to the Wnt ligand through the adomain present in
the extracellular part of the human Frizzled 8 receptor (fused to
a human IgG1 Fc fragment). This also binds to Wnt ligands and
blocks the downstream signaling. In xenograft models of ovarian
cancer, Ipafricept has shown a reduction in the frequency of stem
cells, suppressed tumor formation, and stimulate differentiation.
Also in a combinatorial approach, treatment with OMP-54F28
prior to taxane chemotherapy displays synergy and, therefore,
superior antitumor efficacy (105).
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TABLE 2 | List of drugs for specific diseases under clinical trials and their targets.

S. no. Name Company Target Disease Clinical phase

1. OMP18R5 (vantictumab) OncoMed Pharmaceuticals frizzled Solid tumors Phase I (dose escalation

study)

2. OMP-54F28 OncoMed

pharmaceuticals/bayer

Wnt Solid tumors Phase I

3. LGK974 Novartis pharmaceuticals Porcupine Melanoma, breast cancer, and

pancreatic adenocarcinoma

Phase I

4. CWP232291 JW pharmaceutical β-catenin Acute myeloid leukemia Phase I

5. PRI-724 Prism/Eisai pharmaceuticals β-catenin/CBP Advanced myeloid malignancies Phase I (dose escalation

study)

6. IWR1 Tocris bioscience Tankyrases 1, 2 inhibitor Osteosarcoma Preclinical

7. XAV939 Novartis Tankyrases 1, 2 inhibitor Neuroblastoma Preclinical

8. NSC668036 Tocris bioscience Disheveled Fibrotic lung disease Preclinical

9. ICG-001 Prism pharma CREB binding protein/

CBP

Acute myeloid leukemia

Chronic myeloid leukemia

Phase I

Phase II

10. DKN-01 Leap therapeutics DKK, dickkopf-related

protein

Multiple

Myeloma

Phase I, II

β-Catenin-Destruction Complex Inhibitors
Tankyrase or PARP5 Inhibitors
The Wnt/β-catenin pathway is associated with the PARP
[Poly (ADP-ribose) polymerases] family of proteins. Of the
PARP family, two isoforms, namely PARP5a (Tankyrase 1) and
PARP5b (Tankyrase 2), are known to degrade the axin by the
ubiquitin–proteasome dependent pathway (106). Inhibitors of
these isoforms, XAV939 and IWR-1, help in maintaining the
optimum Axin levels. Another inhibitor- NVP-TNKS656 used in
murine xenografts models and colorectal cancer patient-derived
sphere culture studies showed a high β-catenin level even in
the presence of AKT and PI3K inhibitors signifying that the
tankyrase inhibitor could overcome resistance to AKT and PI3K
inhibitors. It was also associated with high FOXO3A (Forkhead
box O3) activity. The setback of this study lies in the trepidations
of gastrointestinal toxicity associated with these inhibitors, and
further studies are needed to verify their safety and efficacy.
Selective tankyrase inhibitors, MN-64 and CMP8, with the
capacity to bind to the nicotinamide subsite of tankyrases are
amongst the best inhibitors and have demonstrated nanomolar
potencies (107).

Disheveled Inhibitors
Disheveled binds to the frizzled receptor on its C-terminal region
via its PDZ domain. This Frizzled–disheveled interaction is a
target for some notable inhibitors like NSC668036, FJ9, and
3289–8625, leading to inhibition of the Wnt signal transduction
pathway and thereby causing cancer regression (108). Sulindac
is a FDA approved disheveled inhibitor which can inhibit the
proliferation of lung cancer A549 cells (108, 109).

Inhibitors of Transcription Complex
Wnt signaling involves a plethora of intermediate steps, and
there is therefore a constantly evolving pursuit to find agents
that can target the downstream steps of this pathway. A high-
throughput ELISA-based screening was carried out to shortlist
small molecules that could possibly target the interaction between

β-catenin and the transcription factor TCF4. Eight inhibitors
were identified to be effective in perturbing the β-catenin/TCF
complex in a dose-dependent manner. LF3, a 4-thioureido-
benzenesulfonamide derivative, possesses the capacity to perturb
this interaction in colon cancer (110). However, this interaction
is not very specific, causing many off-target effects.

Antagonists of Wnt Co-activator
The prerequisite step for Wnt activation is the interaction
of β-catenin with its transcriptional co-activator CBP. Small
molecule antagonists that have the capacity to inhibit this
interaction can serve as a potential therapeutic agent. CBPPRI-
724 is a first-in-class antagonist that acts in line with this
approach. This molecule has shown promising results in the
preclinical stage with pancreatic cancer cells. It has been
proven to promote differentiation of CSCs, inhibition of stroma
formation, and decrease the metastatic potential of cancer
cells (111).

Wnt5a Mimetics
Wnt5a acts as a tumor suppressor in various cancers, and
its downregulation is often associated with lower disease-free
survival in primary breast cancers and also in hematopoietic,
prostate, and colon cancers. Foxy-5 is a hexapeptide mimic of
Wnt5a which is synthesized to possessWnt5a-like properties that
can impair cancer cell migration. After a successful phase 1 study
in colon/breast/prostate cancer patients showing no toxicity,
phase 1b trials are ongoing and expected to show promising
therapeutic value (112). Also, peptides derived by modifying the
Wnt5a ligand sequence have shown the capability to mimic the
Wnt5a molecule. It can bind to the Fzd-5 receptor in a human
breast tumor cell line and impair metastatic ability (113).

Gamma Secretase Inhibitor
Wnt signaling has now been shown to be closely associated with
other pathways, like the Notch signaling pathway, and Notch1
is thought to be acting as a connecting link between them.

Frontiers in Immunology | www.frontiersin.org 8 December 2019 | Volume 10 | Article 2872

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Patel et al. Wnt Signaling and the Tumor Microenvironment

Treatment of CSCs with GSI agents leads to the induction of
apoptosis and inhibition of tumor sphere formation of CD44+

CSCs.MK-0752 in combination with ridaforolimus (MK-8669) is
currently in phase I trial of patients with solid tumors (114). MK-
0752 with docetaxel has entered phase II trials in breast cancer
patients (115). Another selective GSI, PF-03084014, showed a
reduction in tumor cell migration and mammosphere formation
in vitro, and a marked decrease in tumor cell self-renewal
ability in vivo (116). The phase I trials in triple negative breast
cancer patients in combination with docetaxel, however, showed
gastrointestinal toxicity.

Hedgehog Inhibitors
Another pathway involved in crosstalk with the Wnt pathway
is the sonic hedgehog pathway with sFRP-1 being the mediator

between them. FDA-approved SMO (Smoothened) inhibitor-
Vismodegib binds directly to SMO and inhibits the progression
of advanced basal cell cancers (117). It is also being studied in
the context of other cancers, like gastric and prostate cancer,
and is currently undergoing phase I and II trials. Another
FDA-approved SMO antagonist is NVP-LDE225 (Erismodegib
or sonidegib), used for advanced cases of basal cell carcinomas
(118). Erismodegib is also being studied in phase I and II clinical
trials for other cancer types.

Apart from different chemical inhibitors, many natural
compounds have shown to target the Wnt pathway directly
or indirectly. For example Indole-3-carbinol (I3C), a natural
compound present in broccoli can inhibit WWS1-mediated
proteasomal degradation of PTEN, which has a direct interaction
with the Wnt/beta-catenin pathway, leading to tumor regression

FIGURE 4 | Targeting Wnt signaling to combat cancer. The Wnt pathway has multiple players that can be effectively targeted to modulate the signaling cascade,

thereby inhibiting cancer proliferation. The targets that are showing promising results are highlighted in the figure. Several therapeutic molecules, such as anti-Frizzled

antibodies, mimetics of Wnt molecules, disheveled inhibitors, tankyrase inhibitors, axin stabilizers, and inhibitors of TCF/CBP interactions are being evaluated in

different phases of clinical studies.
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both in vitro and in vivo (119, 120). Also, there are
various repressor proteins reported to downregulate β-catenin.
One such protein is SMAR1, a tumor suppressor known
to be downregulated in higher grades of cancer and that
inhibits β-catenin transcription (121, 122). It inhibits β-
catenin transcription as well as negatively regulate mir371-
373, which is known to target DKK1—an inhibitor of
Wnt signaling (121, 123, 124). Aberrant Wnt signaling or
CDC20 mediated degradation, downregulate SMAR1 expression
thereby promoting tumorigenesis and cancer progression (125).
Compounds such as I3C (119) and putative SMAR1 stabilizing
compounds can be potential therapeutic targets to inhibitWnt/β-
catenin pathway in different types of cancer cells, thereby
regressing tumors.

To conclude, Wnt signaling can be targeted at various steps to
develop potential therapy against cancer, and this is summarized
in Figure 4.

Challenges of Wnt Inhibition-Based Therapies
Inhibiting cancer by targeting the Wnt signaling pathway has
been a hotspot for the last four decades. Various molecules
involved in this pathway have been studied in depth and
proposed as innovative targets for anti-tumor therapy, and some
have also found uses in the treatment of neurodegenerative
disease, such as Parkinson’s disease. Despite showing promising
results, no such drugs have been approved for clinical use.
This may be attributed to the fact that Wnt/β catenin signaling
is crucial for stem cell pool maintenance and also in the
regeneration of tissues and organs. Thus, tweaking this pathway
can also affect the normal Wnt-dependent activities. Some of
the drugs targeting Wnt signaling have shown dose-limiting
gastrointestinal toxicity and upregulation of markers for bone
formation and growth. Apart from direct roles, Wnt signaling
is also known to cross functions with other pathways that
are involved in cell signaling. A better understanding of these
crosstalks and the development of combination therapy that
can target specific molecules without disrupting normal cellular
functions or using natural compounds may be the choice of
future research.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Tumor cells require a milieu of growth factors, secretory
molecules, and crosstalk between different cells present in the

tumor microenvironment for their growth and proliferation. An
increasing amount of evidence suggests that Wnt signaling acts
as bridge between tumor cells and the tumor microenvironment
for their preferential growth and progression. Stromal cells
and inflammatory cells present in the extracellular matrix
of the tumor microenvironment secrete Wnt ligands that
promote tumor invasion, metastasis, and tolerance. Although
Wnt signaling is important for hematopoiesis and immune
cell development and proliferation, the larger picture suggest
that a context-dependent regulation of Wnt signaling in the
tumormicroenvironment renders immune cells tolerance toward
immune escape by inhibiting tumor antigen presentation.
Various reports unanimously support the hypothesis that both
the canonical and non-canonical Wnt pathway in the tumor
microenvironment induce a signaling cascade, leading to EMT,
metastasis, and cancer stem cell maintenance. With the advent
of new high throughput technologies, we are in a better state of
understanding of the mechanism of both the canonical and non-
canonicalWnt signaling pathway. This understanding is the basis
of translational research targeting the important molecules of this
pathway and their downstream effectors in cancer and leveraging
this knowledge toward designing personalized medicine. Several
Wnt/β-catenin inhibitors that have the potential for use in
anticancer therapies have been recognized. Clinical trials for
these drugs are in various stages, and some of them are showing
immense potential for future anticancer therapy. Further, these
inhibitors, in combination with existing immune therapy or
using natural compounds, can do wonders in eliminating higher
grades of cancer andmetastatic tumors. However, there remains a
scope for further study to investigate and counter the side effects
of harnessing the Wnt/β-catenin signaling, as it is important for
cellular homeostasis.
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