1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
Biochim Biophys Acta. 2015 December ; 1856(2): 244-251. doi:10.1016/j.bbcan.2015.10.002.

The Wnts of Change: How Wnts Regulate Phenotype Switching
in Melanoma

Marie R Webster!, Curtis H. Kugel 3rd!, and Ashani T Weeraratnal”
1Tumor Microenvironment and Metastasis Program, The Wistar Institute, Philadelphia, PA, USA

Abstract

The outgrowth of metastatic and therapy-resistant subpopulations in cancer remains a critical
barrier for the successful treatment of this disease. In melanoma, invasion and proliferation are
uncoupled, such that highly proliferative melanoma cells are less likely to be invasive, and vice
versa. The transition between each state is likely a dynamic rather than a static, permanent change.
This is referred to as “phenotype switching”. Wnt signaling pathways drive phenotypic changes
and promote therapy resistance in melanoma, as well as play roles in the modulation of the
immune microenvironment. Three Wnt signaling pathways play a role in melanoma progression,
canonical (B-catenin dependent), polar cell polarity (PCP), and the Wnt/Ca2* pathway. Here we
summarize phenotype plasticity, and its role in therapy resistance and immune evasion. Targeting
the Wnt signaling pathways may be an effective way to overcome tumor plasticity in melanoma.
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Introduction

1. Phenotype switching in melanoma

Phenotype switching between proliferative and invasive phenotypes promotes metastasis,
progression, and therapy resistance in melanoma (1). Markers of proliferative and invasive
phenotypes following dynamic switching are similar to markers observed in proliferative
and invasive states during epithelial to mesenchymal transitions (EMT). Recent studies have
also observed that invasive cells have characteristics similar to cancer stem cells, which can
switch between proliferative and invasive phenotypes (1-5), potentially promoting survival
and therapy resistance (6, 7).

Proliferative subpopulations of melanoma can be uniquely identified by differential
expression of markers associated with melanocyte differentiation, such as MITF and
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MARTL1. Cells that produce these markers are typically epithelial in morphology, highly
proliferative, but less invasive (8). When melanoma cells lose these differentiation antigens,
they become more mesenchymal in appearance and highly invasive. Clinically, this also
makes them harder to detect, as melanocytic antigens are used to detect melanoma
metastases in lymph nodes and other organs. We have previously shown that non-canonical
Whnt signaling down-regulates MART1 expression (9), and is a key mediator of the switch
from a proliferative and less invasive state to a mesenchymal and highly invasive one (10).
On the other hand, it is known that canonical Wnt signaling, via B-catenin, plays a key role
in the genesis of melanoma (11, 12). Although its role in melanoma metastasis is unclear,
most data suggests loss of B-catenin activity contributes to metastasis in melanoma (13-17).
This is consistent with the finding that in some cell systems, Wnt5A can inhibit B-catenin
activity by increasing its degradation (18, 19). In this review, we will assess what is known
about the interplay between canonical and non-canonical Wnt signaling in melanoma, and
the implication of phenotype switching not only for metastatic progression of melanoma, but
also for therapy resistance and immune surveillance.

2. Wnt signaling guides phenotype plasticity in melanoma

The Wnt signaling pathways promote dichotomous phenotypes in melanoma through the
canonical and non-canonical pathways mediated by the Wnt family of proteins. The Wnt
family of proteins can signal via three distinct pathways involving three key mediators: -
catenin (the canonical Wnt signaling pathway), Jnk (the planar cell polarity pathway) and
PKC/ Ca2+ (non-canonical Wnt signaling pathway) (20). Each of these three pathways has
distinct, but not always separate functions. Our lab has shown that when melanoma cells
switch to a more invasive phenotype, the non-canonical Wnt5A signaling pathway is
activated. Activation of the non-canonical pathway results in the activation of PKC and the
release of intracellular Ca*, which in turn activates downstream signaling intermediates
such as CAMKII (10). This results in a decrease in canonical Wnt signaling and melanocytic
antigen expression (9), and a switch to a mesenchymal morphology (10). Current data
suggest that melanoma cells utilize canonical Wnt signaling for growth and transformation
(21, 22) and non-canonical Wnt signaling for metastasis (4, 23-26). (Figure 1)

2.1 Wnt ligands, receptors and co-receptors—Canonical and non-canonical Wnt
signaling pathways are mediated through a combination of Wnt ligands, receptors, and co-
receptors which initiate specific downstream signaling pathways. Canonical Wnt signaling is
activated by Wnt ligands Wntl, 3A, 7, 8, and 8B, whereas non-canonical Wnt signaling is
activated by Wnt4, 5A, 5B, and 11 (reviewed in Weeraratna, 2005). In melanocytes, the Wnt
ligands Wnt1 and 3A activate the canonical pathway, whereas in melanoma, Wnt5A
activates the non-canonical pathway. Wnt proteins interact with the Frizzled (Fzd) family of
receptors, which consist of 10 known members. They are characterized by an extracellular
N-terminal cysteine-rich domain that interacts with both Wnts and Wnt co-receptors (27,
28). The Fzd receptors are seven-pass transmembrane G-protein coupled receptors, which
upon Whnt binding, require heterotrimeric G-proteins for downstream signaling (29). The
activation of specific G-protein subunits depends on the Wnt ligand subtype and the Fzd
receptor to which it binds (30, 31).
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Co-receptors also play an important role in Wnt signaling. Low-density lipoprotein receptor-
related proteins (LRPs), and receptor tyrosine kinase-like orphan receptors (RORS) are
known co-receptors important in Wnt signaling in melanoma. LRP co-receptors, LRP-5 and
LRP-6, are single pass transmembrane proteins that form a co-receptor complex with the
Fzd receptor and activate downstream signaling pathways (32). The ROR co-receptors,
ROR1 and ROR?2, are single pass-transmembrane proteins with extracellular
immunoglobulin-like, cysteine-rich and kringle domains (33-35). The intracellular domains
of these receptors contain both tyrosine and serine-threonine kinase domains (36). ROR1
and ROR?2 are inversely expressed in proliferative and invasive melanoma cells. ROR1
expression promotes survival and proliferation whereas ROR2 expression promotes
invasion. Other co-receptors, less well-described in humans include Ryk, Derailed
(drosophila) and FRL1/Crypto (xenopus).

2.2 Canonical Wnt Signaling in Melanoma—The canonical Wnt pathway is mediated
through B-catenin. Canonical Wnt signaling is activated by the binding of canonical Wnts,
Wntl/ Wnt3A, to their receptors, FRZD1/7, and also co-receptors, LRP5/6 and ROR1. In
the absence of Wnt signaling, -catenin is targeted for degradation via ubiquitination by
GSK3-B. GSK3-p phosphorylates B-catenin thereby priming it for ubiquitination. Upon
initiation of canonical Wnt signaling, the downstream mediator disheveled becomes
activated and prevents -catenin degradation by inhibiting GSK3-f. Stabilization of 8-
catenin, allows B-catenin to enter the nucleus and associate with transcription factors such as
LEF (lymphoid enhanced transcription factor) and TCF (T cell transcription factor). In
melanoma, canonical Wnts, Wntl and Wnt3A, are critical for melanocyte transformation
and bypassing melanocyte senescence (21, 22, 37). While it is clear that B-catenin is critical
in the early stages of melanocyte transformation, and melanomagenesis, conflicting studies
on the role of B-catenin in melanoma metastasis have been published. Paradoxically,
melanoma patients with higher levels of -catenin have a better prognosis (13, 16), implying
that the mechanisms that drive melanomagenesis are distinct from those that dictate
outcome. However, in defined genetic contexts such as in an animal models of melanoma
where BRAF is mutated, PTEN is deleted, and p-catenin is stabilized, metastasis is increased
(38). Further, the receptor and co-receptor context at different stages of melanoma
progression may also define the path of Wnt signaling (39).

Canonical Wnt signaling co-operates with MAP kinase signaling to regulate the expression
and activity of the master transcription regulator microphthalmia-associated transcription
factor (MITF) (8, 40, 41). In proliferative melanoma cells, LEF1/p-catenin signaling
activates MITF which in turn activates melanocyte specific target genes including melan-A
(Mart-1), Dct, and Tyr. MITF also activates cell cycle regulators p16, p21 and CdK2 (1, 41—
44). The regulation of melanocyte specific target genes and cell cycle regulators suggests a
role for Wnt signaling in immune surveillance and therapy resistance as discussed below.
The effects of Wnt/B-catenin and MITF signaling may be context-dependent, with activating
mutations and intracellular localization p-catenin playing a role (45-48). Intracellular
localization of -catenin also correlates with cellular phenotype, with membrane-associated
j-catenin found in proliferative cells and cytosolic - catenin in invasive cells (23). Nuclear
localization of B-catenin does not appear to correlate with cellular phenotype, but expression
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of co-factors LEF1 and TCF4 correlates with proliferative and invasive phenotypes,
respectively. This suggests that cofactors play a role in regulating -catenin signaling.
Prevention of nuclear B-catenin by Wnt5A activity leads to suppression of LEF1 (23),
upregulation of cofactor TCF4, and a switch to a more invasive phenotype. The interplay of
Whnt signaling pathways controls the conversion of melanoma from a primary tumor, to a
more deadly metastatic disease.

2.3 Non-canonical Wnt Signaling in melanoma—Down-regulation of canonical Wnt
signaling and up-regulation of non-canonical Wnt signaling is thought to promote the
phenotype switch of melanoma cells from a proliferative state, to a more motile, invasive
state. Non-canonical Wnt5A signaling initiates this switch by inhibiting canonical Wnt
signaling in a Siah2 and APC dependent manner (49). Specifically, Wnt5A signaling
increases Siah2 expression, leading to ubiquitination of B-catenin, proteasome-dependent
degradation, and down-regulation of -catenin dependent Wnt signaling. Wnt5A has also
been shown to inhibit canonical Wnt signaling by binding to Fzd receptors. Wnt5A
competes with Wnt3A for binding to Fzd2, preventing Wnt3A-dependent phosphorylation
of LRP6 and accumulation of p-catenin. (50) Prevention of nuclear p-catenin by Wnt5A
activity leads to suppression of LEF1, upregulation of cofactor TCF4, and a switch to a more
invasive phenotype (23).

The non-canonical Wnt/Ca2* signaling pathway, mediated by Wnt5A, is associated with
increasing metastatic potential of melanoma cells and tumor grade (4, 24-26, 51, 52).
Wnt5A promotes invasion via PKC/Ca2* signaling in part through remodeling of
intracellular actin and filamin to promote membrane contractility. Wnt5A mediates Ca2*
dependent signaling through activation of G proteins, resulting in the increase of
intracellular inositol 1,4,5-triphosphate (IP3), 1,2 diacylglycerol (DAG), and Ca2*. The
increase in intracellular Ca2* activates calpain-1 and calcineurin (Cn). Calpain-dependent
cleavage of filaminA mediates the remodeling of the cytoskeleton and promotes matility (4).
Release of Ca2* also leads to the activation of calcium-dependent signaling proteins such as
calmodulin-dependent protein kinase I (CAMKII) and protein kinase C (PKC). Wnt5A
signaling via PKC has been shown to mediate the motility of melanoma cells by inhibiting
metastasis repressors such as KISS-1 and ECAD, and up-regulating metastasis-associated
molecules such as CD44 and SNAIL (53-56). PKC also activates STAT3 leading to
inhibition of MITF and consequently down-regulation of melanocytic antigens (4).

3. Microenvironmental Regulation of Wnt-mediated phenotype signaling

Several types of stress can promote environmental changes that induce phenotypic changes
in melanocytes and melanoma cells. UV light induces keratinocytes to secrete a-MSH,
which increases expression of PGC-1a and PGC-1 (PGC-1s) in melanocytes, leading to an
increase in MITF signaling and melanin synthesis (57). Melanin synthesis is an energy
demanding and oxidative process that is thought to generate high levels of reactive oxygen
species (ROS) (58). PGC-1a, a co-activator of Peroxisome proliferator activated receptor
(PPAR) gamma, controls ROS levels in many cell types including melanocytes (59). In
melanoma cells, MITF drives PGC-1a expression, increasing the ability of these cells to
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detoxify ROS, and promoting survival under high oxidative stress conditions (60). This
makes these cells more sensitive to targeted therapies in combination with ROS inhibitors.

Interestingly, Wnt signaling downstream of B-catenin is also known to modulate responses
to ROS by increasing the redox effector APE-1via MITF (61). APE-1, (apurinic/
apyrimidinic endonuclease) is a redox sensor and DNA endonuclease critical for repair of
oxidative DNA damage. APE-1 creates a nick in the phosphodiester backbone of DNA to
promote the removal of mismatched or damaged DNA via the DNA base excision repair
pathway. Loss of MITF blocks the induction of APE-1 by ROS and reduces the ability of
melanoma cells to survive damage due to ROS. Loss of MITF expression during melanoma
progression and in therapy resistance may increase carcinogenesis through an increase in
ROS induced DNA damage. Increased ROS due to oxidative stress results in regulation of
genetic and epigenetic cascades underlying changes in gene expression during cancer
progression (62). Epigenetic changes during tumor progression may block the expression of
multiple tumor suppressor genes and allow cells to exert a survival advantage (63-67).

In addition, microenvironmental pressure can exert changes in the expression of Wnt
receptors which promotes phenotype plasticity in melanoma. The orphan tyrosine kinase
receptors ROR1 and ROR2 promote a more proliferative or a more invasive phenotype
respectively. ROR1 and ROR2 are also inversely expressed in melanoma, and negatively
regulate each other. Microenvironmental factors such as an increase in hypoxia, can drive
the expression of ROR2, leading to an increase in Wnt5A signaling, and an increase in
invasion (68). Wnt signaling via Wnt5A and ROR2 leads to down-regulation of canonical
Whnt signaling and up-regulation of pathways involved in cell motility. Wnt5A signaling is
reinforced through activation of PKC, which leads to stabilization of Wnt5A mRNA, an
increase in Wnt5A secretion, and reinforcement of non-canonical Wnt signaling pathways.
WNnt5A signaling can also be increased following extracellular signaling through TGFp.
TGFB, which is a marker of an invasive phenotype in melanoma, increases Wnt5A signaling
through the Smad complex and promotes the expression and secretion of proteins that
regulate the microenvironment (1, 69). The microenvironment can play a large role in tumor
heterogeneity and phenotype switching in melanoma.

4. Phenotype Switching in Therapy Resistance

The ability of cells to switch phenotypes has implications not only for melanoma metastasis
but also for therapy resistance. 50% of melanomas harbor a mutation in the BRAF gene,
resulting in a valine to glutamic acid substitution at residue 600 and leading to constitutive
activation of the MAP kinase pathway. Mutant BRAF inhibitors have had great initial
success in the clinic, however resistance to these therapies quickly arises. Understanding
why this occurs and how to stop this is a key area of interest in melanoma biology. In
addition, intrinsic resistance also poses a problem for some patients. While the majority of
mutant BRAF patients have some degree of response to mutant BRAF inhibitors, about 10—
20% of these patients do not. Konieczkowski et al found that patients who are sensitive and
resistant to BRAF targeted therapy have distinct transcriptional profiles (70). Patients who
are sensitive have high MITF, whereas patients who are non-responsive have low MITF
expression and higher NF-kB and AXL expression. Patients who express high NF-kB and
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AXL are resistant to single and combinatorial inhibition of RAF and MEK kinases. NF-kB
signaling antagonizes MITF and increases Wnt5A signaling (68, 69, 71) (Figure 2).

4.1. Wnt signaling in therapy resistance

The increase in Wnt5A is consistent with the observation that intrinsically resistant and
acquired resistant subpopulations, which emerge following MAPK pathway targeted
therapy, express increased markers of an invasive phenotype (68, 70-75). Wnt5A signaling,
which is increased in invasive melanoma cells, drastically decreases sensitivity to
BRAFV600E targeted therapy. Our lab has shown that microenvironmental stress causes
phenotype switching in BRAF-mutant melanoma cells. This switch decreases sensitivity to
BRAF inhibitors and induces an adaptive stress response following BRAFY600E targeted
therapy and DNA damage (68, 71, 76). Tumors which have a high level of Wnt5A
expression prior to therapy are intrinsically resistant to BRAFV600E targeted therapy.
Intriguingly, tumors which express low Wnt5A, but ultimately recur, also begin to express
Wnt5A, suggesting Wnt5A plays a role in acquired resistance as well. This occurs, in part,
via the Wnt5A mediated degradation of b-catenin. Resistance to BRAFVY600E targeted
therapy has been connected to a loss of -catenin signaling due to an increase in AXIN1, a
negative regulator of -catenin (77). Interestingly, our data suggests that Wnt5A may further
contribute to f-catenin loss, and perhaps suggests a co-operative interaction between Wnt5A
and Axin. Finally, oncogenic BRAF has also been shown to decrease MITF and PGCla
expression (78). This suggests that oncogenic BRAF itself may contribute to beta-catenin
loss, though this has not yet been explored.

4.2. Cell fate and therapy resistance

One more contributing factor to phenotype switching- induced therapy resistance is the
generation of cells with stem cell like characteristics (6, 7). Invasive cells from multiple
types of cancer including breast, prostate, and epithelial exhibit stem-like characteristics (6,
79, 80). In melanoma, slow cycling cells, which express JARID1B, are required for tumor
maintenance and growth (81). Slow cycling cells are also increased in response to BRAF
targeted therapy (82), suggesting they play a role in therapy resistance. Therapy resistant
melanoma cell populations show an increase in Wnt5A. We have shown that Wnt5A
promotes a p21 dependent senescent like state, which we call “pseudosenescence”, that
results in the ability of these cells to evade targeted therapy, yet also promotes their
metastasis. Together these data suggest that a switch from canonical to non-canonical Wnt
signaling may guide a more aggressive tumor state encompassing both metastasis and
therapy resistance.

5. Immune regulation and Wnt signaling

Melanoma is a highly immunogenic disease, but it has been shown that immune checkpoints
play a significant role in suppressing the immunogenicity of melanoma. Regulatory
checkpoints such as CTLA4 and PD-1 signal to control T-cell proliferation and T-cell
activity respectively. By targeting these immune suppressive receptors, drugs such as
ipilimumab (anti-CTLA4) and nivolimumab (anti-PD1) result in response rates of about 10—
40% in patients (83, 84). More recent advancements in immune based therapies have led to
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combination treatments with these two drugs capable of reaching response rates of 50-70%,
however this is accompanied by an increase in toxicities (84). Although these response rates
are generally much lower than the mutant BRAF inhibitors mentioned earlier, patients who
respond to immune based therapies tend to have much longer overall and progression free
survival (83, 84). As a result, an emphasis has been placed on understanding why certain
patients do not respond to immune based therapies, and evidence exists to suggest Wnt/-
catenin signaling in melanomas may be playing a role.

5.1 Non-canonical Wnt signaling in immune therapy resistance

Non-canonical Wnt signaling appears to contribute to the immune suppressive environment
in melanoma via paracrine and autocrine mechanisms. In melanoma cells, Wnt5A plays a
role in suppressing the expression of melanoma antigens, specifically MART1. MARTL is a
downstream target of MITF, and has been used in vaccine based therapies in melanoma
patients as early as 1999. Phase | data from a study using a vaccine to promote immune
recognition of the melanoma antigen recognized by T cells 1 (MART1) showed a correlation
between regression free responses (RFS) and cytokine release in patients who had a
response to the vaccine. All patients who had a high cytokine response remained relapse
free, whereas patients who relapsed had either no or weak cytokine responses (85).
Interestingly, Wnt5A expression inversely correlates with MART1 expression in melanoma
cells.

In melanoma patient metastases, where Wnt5A is highly expressed, there is a loss of
MART1 expression viewed by IHC analysis compared to nevus samples where Wnt5A is
low (4). A review of the literature suggests a potential regulation of MART1 by PKC,
STAT3, and MITF through non-canonical Wnt5A signaling (86-88). Consistent with this,
treatment of Wnt5A low expressing melanoma cell lines with recombinant Wnt5A results in
an increase in PKC and STAT3 activation, and a decrease in MART-1 expression (4).
Additionally, PKC inhibition by GO6983 or STAT3 inhibition by a STAT3 inhibitor peptide
(PPYLKTKAAVLLPVLLAAP) in Wnt5A low expressing cells prevents loss of MARTL in
the presence of recombinant Wnt5A. The loss of MART1 in Wnt5A expressing cells also
reduced T cell recognition of melanoma cell lines. Co-culturing of Wnt5A low, MART1
high melanoma cell lines with T cells primed against MARTL induced IFN-v release in
vitro, whereas Wnt5A high, MART1 low cell lines did not induce IFN- v release (4).
Importantly, recombinant Wnt5A alone has no effect on T cells, suggesting the IFN- v
release is not the result of Wnt5A signaling in T cells. Similar results were observed in the
Whnt5A low expressing B16 murine melanoma cell line where treatment with recombinant
Whnt5A led to loss of the melanoma antigen gp100 and failure to activate gp100 primed T
cells invitro. This response was recapitulated in vivo by treating mice bearing B16 murine
melanomas with either vehicle or recombinant Wnt5A by tail vein injection. All mice
treated with recombinant Wnt5A developed lung metastases whereas only 3 of 10 mice in
the vehicle group had detectable lung metastases (4). These data indicate a role of Wnt5A in
immune evasion through loss of melanoma antigens.

WNnt5A also plays a paracrine role in suppressing the immune microenvironment. Cytokines
present in the immune microenvironment which regulate T cell exhaustion and immune
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suppression are key for melanoma to avoid immune detection and can promote resistance to
immune based therapies (89). WNT/p-catenin signaling in dendritic cells has been shown to
lead to an upregulation of FOXP3+ regulatory T cells (Tregs), and a loss of immune
stimulating cytokine production by the dendritic cells (90). Recently, a link between tumor
derived Wnt5A and increased Indoleamine 2,3-dioxygenase (IDQO) expression by dendritic
cells (DCs) has been described in melanoma (91). IDO is a tryptophan degrading enzyme
expressed by antigen presenting cells (APCs) which contributes to immune suppression in a
variety of ways. IDO directly inhibits T cells by causing cell cycle arrest through loss of
tryptophan, indirectly inhibits them by altering antigen presentation functions of APCs, and
may also play a role in Treg generation and proliferation (92).

Holtzhausen et al. has shown that gene expression levels of WNT5A from the Oncomine
Cancer Profiling Database strongly correlate with the Treg marker, FOXP3, in melanoma.
Consistent with this observation, there is an increase in FOXP3+ Tregs in the tumor
draining lymph nodes (TDLNSs) of mice harboring Wnt5A expressing BRAFVE00EPTEN /-
murine melanomas compared to mice harboring BRAFVS00EPTEN/--WNT5AKD
melanomas (91). The effect seen in the lymph nodes of mice suggests Wnt5A secreted by
the tumors causes the observed increase in Tregs in the lymph nodes. Indeed, purified bone
marrow derived dendritic cells (BMDCs) co-cultured with spleen derived CD4+ T cells
induced FOXP3+ Treg expansion when incubated with Wnt5A compared to other DC
stimuli invitro (91). A TCF/LEF1-luciferase reporter system and gRT-PCR of common -
catenin target genes identified induction of the B-catenin pathway in dendritic cells
incubated with WNT5A. qRT-PCR also identified an increase in Idol transcripts in tumor
infiltrating dendritic cells (TIDCs) and TDLN-derived DCs compared to non-tumor bearing
mice. Although these data indicate Wnt5A may be signaling in a canonical manner in DCs,
contrary to non-canonical signaling more often seen in melanoma, this could be explained
by the receptors present on dendritic cells (93). A corresponding increase in dendritic cell
IDO expression was also observed in BRAFVS00EPTEN™--NTC compared to dendritic cells
isolated from WNT5AKP tumor bearing mice. Together these data provide a role for
melanoma secreted Wnt5A in promoting a tumor suppressive phenotype in vivo, both via
paracrine and autocrine mechanisms.

5.2. Canonical Wnt signaling in immune therapy resistance

A role for canonical Wnt/p-catenin signaling in resistance to immune checkpoint therapies
has also been described in melanoma (94). Spranger et al. has described an inverse
correlation between active p-catenin signaling and T cell infiltration in patient tumors. This
was also observed in the BRAFV800EPTEN - genetically engineered mouse (GEM) model,
where tumors expressing mutant f-catenin, which accumulates in the nucleus, failed to
accumulate CD3+ T cells (94). The loss of T cell infiltration in the p-catenin expressing
GEM tumors was shown to be the result of a failure of T cell priming due to the inability of
[3-catenin expressing tumors to recruit and activate CD103+ dendritic cells (94). Loss of
dendritic cell recruitment and activation in f-catenin expressing GEM tumors correlated
with a reduction in CCL4, a chemokine part of the macrophage inflammatory protein family
known to recruit various immune effector cells (95).
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It has previously been shown that the transcription factor ATF3 is regulated downstream of
the Wnt/B-catenin pathway, and is a negative regulator of Ccl4 expression in murine
macrophages (68). This regulation was also found in -catenin expressing GEM cells, where
siRNA mediated knockdown of either Atf3 or Ctnnb1 restored Ccl4 expression in vitro (94).
Importantly, only a partial restoration of Ccl4 was observed with Atf3 or Ctnnb1 knock
down. Additionally, there is evidence to suggest that CCL4 in the tumor microenvironment
may also attract CD4+ regulatory T cells (71). In this case, a loss of CCL4 as a result of 3
catenin signaling in the tumor cells would actually have an immune stimulating effect, as
opposed to the suppressive effect described here. Nonetheless, 3-catenin expressing GEM
tumors were resistant to anti- CTLA4 and anti-PD1 treatment in vivo, and intratumoral
injection of activated dendritic cells was able to resensitize the tumors to treatment (94).
Together these data provide a role of canonical Wnt/p-catenin signaling in immune
suppression and resistance to checkpoint inhibitor therapy. However, it should be noted that
although WNT7B and FZD3 were shown in the genetic analysis of patient data, Wnt ligands
were not tested in the animal models described here.

As our understanding of immune based therapies in melanoma advances, it is becoming
clear that communication between signaling pathways in the cancer cells and the immune
microenvironment is essential for cancers to evade immune detection and resist immune
based therapies. More research is needed on Whnt signaling and its effects on the immune
response to cancer.

6. Controversies of Wnt Signaling in Phenotype Switching

While Wnt5A plays pro-metastatic roles in some cancers, such as melanoma, prostate,
gastric and renal cell cancers, it appears to play a tumor suppressive role in other cancers
such as ovarian, colon and breast. It may be that these hormone dependent cancers (breast/
ovarian) activate different pathways downstream of Whnt signaling that have yet to be
uncovered (96). Another possibility is that Wnt5A effects may be dependent on the
maintenance of the wild type form of some genes, such as p53, APC, or B-catenin, which
remain wild type in melanoma, but are commonly mutated in ovarian, colon, and breast
cancers (97-99). This would also account for some of the discrepancy we observe in data
surrounding the role of beta-catenin in melanoma metastasis. While the majority of data
point to an anti-metastatic and therapy sensitive phenotype for -catenin, there are some
studies that implicate increased B-catenin in melanoma metastasis (45, 100). However, the
majority of these studies are performed in cells in which B-catenin has been artificially
stabilized, via mutations that maintain constitutive expression of -catenin in the nucleus.
When this is the case, nuclear f-catenin appears to drive invasion, and make cells more
aggressive, and less responsive to immune therapies, as discussed above. It may also be that
other intermediates, such as ARF6, promote nuclear translocation of -catenin, in Wnt5A
high cells (101). It is of note that we have rarely observed nuclear beta-catenin in human
melanoma samples. Further, despite an early study claiming a preponderance (23%) of
mutations in B-catenin (102), subsequent data, including data from the TCGA, indicate that
these mutations are not common (2-4%) in melanoma (103). Teasing apart the contributions
and relevance of nuclear vs cytoplasmic/ membrane p-catenin to phenotype switching and
melanoma progression in general should be an area of investigation.
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7. Targeting Wnt signaling to improve cancer therapy

The various roles the Wnt signaling pathway can play in immune suppression and resistance
suggests a potential target to help improve immune based therapies in melanoma. Recent
studies have explored activating Wnt/ $-catenin signaling in order to increase patient
survival and response to therapy. Wnt/ B-catenin signaling increases markers associated with
a better prognosis including MITF and MART1 (104-106). Activation of the Wnt/ 3-catenin
pathway via inhibitors specific to GSK3p and GSK3a increased B-catenin levels.
Stabilization of p-catenin led to an increase in Axin2, a downstream target of Wnt signaling
(107). Whether or not this strategy will yield a long-term response is yet unknown, since it
appears that tumors readily switch between canonical and non-canonical Wnt signaling to
evade death and promote tumor maintenance. Further, increasing tumor growth, which
would be a function of increasing b-catenin via Wnt5A inhibition, even in the context of
inhibiting metastasis is not a preferred option for many patients. Therefore, drugs such as
LGK974 which inhibit both canonical and non-canonical Wnt signaling through inhibition
of the Wnt specific acetyltransferase Porcupine (76), may be highly effective in combination
with current treatments in melanoma patients, as they will inhibit both tumor growth, and
tumor metastasis.
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Figure 1. Overview of Wnt signaling in melanoma
Canonical Wnt signaling via p-catenin and MITF allows melanocytes to bypass senescence,

transform and proliferate. Non-canonical Wnt signaling via Wnt5A antagonizes canonical
Whnt signaling and promotes invasion and metastasis of melanoma cells.
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Figure 2. Loss of B-catenin promotes therapy resistance
Canonical Wnt signaling promotes the expression of MITF and APE-1, which protect

melanoma cells from cellular damage due to reactive oxygen species (ROS). Non-Canonical

Whnit signaling, decreases MITF and APE-1 expression, leading to an increase in ROS,
increased carcinogenesis, and therapy resistance.
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Figure 3. Wnt signaling and regulation of immune microenvironment
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Canonical Wnt signaling leads to the upregulation of the transcriptional repressor ATF3
which inhibits production of CCL4 and reduces the recruitment of dendritic cells helping to

evade detection by the immune system. Non-Canonical signaling also helps to evade

immune detection by down regulating the melanoma antigen MART1 expression through
loss of MITF. Non-canonical signaling also increases secreted WNTS5A, which can signal in
a canonical fashion in dendritic cells leading to the secretion of the immune suppressor

molecule IDO.
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