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Abstract: Wnt5a signaling has been implicated in the progression of cancer by regulating multiple
cellular processes, largely migration and invasion, epithelial-mesenchymal transition (EMT), and
metastasis. Since Wntba signaling has also been involved in inflammatory processes in infectious and
inflammatory diseases, we addressed the role of Wnt5a in regulating NF-«B, a pivotal mediator of
inflammatory responses, in the context of cancer. The treatment of melanoma cells with Wnt5a induced
phosphorylation of the NF-«B subunit p65 as well as IKK phosphorylation and I«kB degradation. By
using cDNA overexpression, RNA interference, and dominant negative mutants we determined that
ROR1, Dvl12, and Akt (from the Wnt5a pathway) and TRAF2 and RIP (from the NF-«B pathway)
are required for the Wnt5a/NF-kB crosstalk. Wnt5a also induced p65 nuclear translocation and
increased NF-«kB activity as evidenced by reporter assays and a NF-«kB-specific upregulation of RelB,
Bcl-2, and Cyclin D1. Further, stimulation of melanoma cells with Wnt5a increased the secretion of
cytokines and chemokines, including IL-6, IL-8, IL-11, and IL-6 soluble receptor, MCP-1, and TNF
soluble receptor I. The inhibition of endogenous Wnt5a demonstrated that an autocrine Wnt5a loop is
a major regulator of the NF-kB pathway in melanoma. Taken together, these results indicate that
Wnt5a activates the NF-«kB pathway and has an immunomodulatory effect on melanoma through the
secretion of cytokines and chemokines.
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1. Introduction

Melanoma is the fifth and sixth most common cancer for men and women, respectively, and thus
represents a major public health problem [1,2]. In addition to its high incidence, melanoma is one of
the most aggressive tumor types with a 5-year survival rate of around 20% [1,2]. Immunotherapy and
molecular-targeted therapies have shown promise in the management of this cancer, and currently
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there are several single or combination therapies approved for first-line treatment of metastatic or
unresectable diseases. Immune checkpoint inhibitors (ICI), such as anti-PD-1 and anti-CTL4, provide
durable responses, but around half of the patients present innate resistance to these treatments. Targeted
therapies against BRAF and MEK have achieved benefits in both progression-free and overall survival
and a pronounced reduction in tumor burden [3]. However, the duration of response is limited by
acquired resistance to therapy [4]. For these reasons, there is an unmet need to identify new molecular
targets to use either in combinatorial approaches or as second-line therapy.

In this work, we focused on Wntba, an extracellular ligand that has been implicated in cancer
progression [5]. Wntba is a member of the Wnt large family of lipid-modified glycoproteins and
transduces its signal upon binding to different plasma membrane receptors or co-receptor complexes
and upon activation of Dishevelled (Dvl) phosphoproteins in the cytoplasm [6]. Wnt5a activates several
signaling pathways, collectively named “non-canonical”, since they are independent of 3-catenin, the
critical intermediate of the Wnt canonical pathway. The Wnt5a cascades are diverse, and downstream
pathways implicating cGMP-Ca**, Rap1, JNK, PKA, GSK3, PKC, Src, mTOR, and Akt have been
described [6,7]. Besides its crucial role in embryonic development, deregulation of Wnt5a has been
implicated in several human diseases, most importantly cancer [5,8,9]. However, the biological functions
of non-canonical Wnt signaling in tumorigenesis are far from being elucidated. Wnt5a is undoubtedly
the most studied non-canonical Wnt ligand in cancer. Previous studies have demonstrated that Wnt5a
has a dual effect on the progression of various types of human cancer [10], indicating that this pathway
is particularly dependent on the cellular context [7]. Wntba is considered to have a tumor-suppressive
function in neuroblastoma [11], leukemia [12], ductal breast carcinomas [13], ER-positive breast
cancer [14], colorectal cancer [15], and thyroid cancer [16]. On the other hand, a protumorigenic role
for Wntba has been shown for T-cell leukemia [17], melanoma [18], gastric cancer [19], non-small-cell
lung cancer [20], pancreatic cancer [21], and prostate cancer [22]. The tumor-promoting activities
of Wnt5a affect multiple cellular processes, including proliferation, differentiation, angiogenesis,
chemoresistance, migration, invasion, epithelial-mesenchymal transition (EMT), and metastasis [5]. In
melanoma, Wntba positively regulates many of these processes and has been signaled as a promising
therapeutic target [23].

It has been proposed that, besides the eight “hallmarks of cancer”, cancer cells have two traits,
namely genome instability and inflammation, which are key to fostering many of those “hallmarks” [24].
Intriguingly, although Wnt5a regulates inflammatory processes in both infectious and inflammatory
diseases, such as tuberculosis, sepsis, psoriasis, rheumatoid arthritis, and atherosclerosis [25,26], its role
in inflammation in the context of cancer has been poorly investigated. Wnt5a was shown to induce the
expression of cytokines at the mRNA [27] and protein levels [28] in MKN-7 gastric carcinoma cells and
SKOV-3 ovarian carcinoma cells, respectively. However, these studies did not explore the mechanisms
underlying cytokine regulation. Since inflammation is a critical factor for cancer progression, it is
of utmost importance to better understand the role of Wnt5a in this process. We reasoned that a
meaningful approach to achieve this goal is to study the effect of Wnt5a on the activation of NF-«B, a
pivotal mediator of inflammatory responses [29]. The NF-«kB pathway is upregulated in advanced
melanoma as a consequence of various mechanisms, where the relative relevance of each of them has
not been determined [30]. NF-kB is a heterodimeric transcription factor formed by the proteins RelA
(or p65), RelB, c-Rel, NF-kB1 (or p50), and NF-«B2 (or p52), which share an N-terminal Rel Homology
Domain, which is key to the dimerization and union to DNA. NF-«B subunits are sequestered in the
cytoplasmic compartment of normal cells through its association with members of the IkB family
(IkBax, IkBp, and IkBe) [30,31]. Stimulatory signals activating the membrane receptors BCR and TNFR
and several extracellular stimuli (inflammatory cytokines, viral and bacterial infections, oxidative
and DNA-damaging agents, ultraviolet light, and osmotic shocks) activate NF-«kB through different
mechanisms, classified as canonical, non-canonical, and alternative. The canonical pathway is activated
by TNFo or IL-13 and relies on the activation of IKK, the degradation of IkBe, and the translocation of
the p65/p50 dimer to the nucleus where it regulates gene expression. The non-canonical pathway is
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activated by CD40 or RANKL and induces an IKK«-dependent phosphorylation and cleavage of the
p100 form of NF-kB2 into p52, which binds to RelB and translocates to the nucleus. NF-«B targets
inflammation by inducing the expression of various pro-inflammatory genes, including those encoding
cytokines, chemokines, and adhesion molecules [29-32]. Of note, activation of NF-kB by Wnt5a has
been shown in different cellular contexts but has been poorly studied in cancer cells. In the present
study, we provide a comprehensive description of the signaling proteins that are activated by Wnt5a
and result in NF-«B activation and upregulation of cytokine secretion in melanoma.

2. Materials and Methods

2.1. Reagents

The final concentrations of the reagents were: rWntba (R&D Systems, Minneapolis, MN,
645-WN/CF), 400 ng/mL; IWP-2 (Cayman Chemicals, Ann Arbor, MI, 04614560-30), 20 uM; hTNFx
(R&D Systems, 210-TA-020), 10 pg/mL; Cycloheximide (Sigma, St. Louis, MO, C7698-1G), 10 ug/mL;
BAY11-7082 (Cayman Chemicals, 10010266), 10 uM; LiCl (Sigma, L9650), 10 mM; LY294002 (Calbiochem,
Burlington, MA, 440202), 10 uM; JSH-23 (Abcam, UK, 144824), 10 uM; Tunicamycin (Cayman Chemicals,
11089-65-9), 4 uM; and Box5 (EMD Millipore, Burlington, MA, 681673), 200 uM.

2.2. Cell Culture

Melanoma cell lines were kindly provided by Dr. Meenhard Herlyn (The Wistar Institute, Philadelphia,
PA) and Dr. Zeev Ronai (Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA). The
melanocytic cell line Mel-STV was kindly provided by Dr. Robert Weinberg (Whitehead Institute for
Biomedical Research, Cambridge, MA). All cell lines were maintained in DMEM, supplemented with
10% fetal bovine serum (FBS, Gibco, Carlsbad, CA) 100 U/mL penicillin, and 100 mg/mL streptomycin
(Invitrogen, Carlsbad, CA) at 37 °C and 5% CO,. Cells were transfected with calcium phosphate or by a
Lipofectamine PLUS reagent (Invitrogen), following the manufacturer’s protocol. The cell lines were free of
mycoplasma contamination and were authenticated by short tandem repeat (STR) analysis as described [33].
The L-Wntba and L control cells were a gift from by Dr. Stuart Aaronson (Mount Sinai School of Medicine,
New York, NY, USA). The conditioned media (CM) from these cells were obtained as described by ATCC.
Briefly, L cells were seeded at a density of 1 x 10° cells in a 100 mm dish containing DMEM with 1% FCS
and cultured for 4 days. CM was then harvested, centrifuged at 1000 g for 10 min, filtered, and stored
at —20 °C. To stimulate melanoma cells with Wnt5a, cells (1-2 x 10°) were seeded in a 100 mm dish and
placed into the incubator for 2448 h. The culture medium was removed and either the Wnt5a conditioned
medium (Wnt5a-CM) or control conditioned medium (Control-CM) was added for 30 min, except when
indicated. When evaluating the role of a protein kinase, the corresponding inhibitor was added both
before and during the stimulation with CM. In these experiments, the cells were pre-incubated with the
corresponding compound for 30 min. The culture media was then removed and the CM (containing the
inhibitor) was added to the cell for 30 min. In these experiments, DMSO was used as a control.

2.3. Constructs

The shRNA against ROR1 was validated in a previous publication from our laboratory [34]. The
shRNAs against ROR2 and Wnt5a were described previously [35]. The shRNA against the Rictor
corresponds to Addgene plasmid #1854 and has been validated and used in several publications before.
The shRNA plasmids targeting DvI2 and Dvl1-3 (isoforms 1 and 3 were targeted by the same sequence)
were kindly ceded by Dr. Stuart Aaronson (Mount Sinai School of Medicine, New York) and have been
previously validated [36,37]. The plasmids encoding ROR1 and ROR2 were kindly provided by Dr.
Luca Grumolato (Universite de Rouen, Rouen, France). The above constructs were cotransfected into
HEK-293T cells together with packaging plasmids to generate viral particles. Viral supernatants were
harvested, filtered, and used to transduce melanoma cells. In all cases, cells were selected with 3 pg/mL
puromycin for one week and then maintained with 1 pg/mL puromycin. The plasmids encoding
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TRAF-DN and RIP-DN were provided by Dr. Hasemu Habelhah (University of lowa, Iowa City, IA).
Cells transfected with TRAF-DN and RIP-DN were selected with 0.5 mg/mL neomycin for three weeks.

2.4. Western Blotting

For the Western blotting analysis, cell lysates were collected by addition of lysis buffer, supplemented
with protease and phosphatase inhibitors for 10 min on ice [38]. The cell lysates were centrifuged at
13,000 rpm for 15 min at 4 °C, and the supernatants were collected and quantified using the Bradford
method. Between 20-50 ug of proteins were diluted in a 6x Laemmli buffer, boiled at 95 °C for 5 min,
separated on 8-15% SDS-PAGE gels, and then transferred to a nitrocellulose membrane. The membranes
were blocked with 5% milk in 0.05% Tween-PBS at room temperature for 1 h and then incubated with the
primary antibodies at 4 °C overnight. The following antibodies were used: Akt (sc-5298), p-Akt (sc-7985),
Bcl2 (sc-7382), Cyclin D (sc-8396), DvI2 (sc-13974), DvI3 (sc-8027), GAPDH (sc-25778), IkBa (sc-1643), p65
(sc-37), RelB (sc-226), Rictor (sc-271081), ROR1 (sc-130386), ROR2 (sc-98486), TRAF2 (sc-876), and Vinculin
(sc-25336) from Santa Cruz Biotechnologies. Antibodies to Histone 3 (cs-14269), IKK« (cs-2682), p-IKK e/
(cs-2697), p-p65 (cs-3303), and Wntba (cs-25305) were from Cell Signaling. Antibodies to Actin (A5441) and
Tubulin (T9026) were from Sigma. The corresponding HRP-conjugated secondary antibodies, anti-mouse
(GE NA931V) and anti-rabbit (GE NA934), were incubated for 1 h at room temperature. Immunoreactive
bands were detected by an ECL system (Amersham Biosciences, UK) using an image reader (ImageQuant
350, GE Healthcare, Chicago, IL). Quantification of band intensities was performed using Image] (NIH,
Bethesda, MA). The intensity of each band was normalized to GAPDH or other housekeeping genes (i.e.,
Tubulin or Actin), and the fold change (FC) relative to the control cells was calculated. The band intensities
in the phosphoprotein blots were normalized with those of the total proteins obtained from the same blots
after stripping and reprobing. To draw a conclusion on a particular experiment, at least three biological
(independent) replicates of paired samples were examined to calculate the mean and standard deviation.
The log transformation of FC values were calculated to obtain a more symmetric distribution that better
suited the normality assumptions of the subsequent t-test.

2.5. Luciferase Assays

M2 cells (3 x 10°) were plated into 12-well plates and transfected 24 h later with 0.5 ug of
PNF-kB-Luc and pSV40-gal (0.2 pg), using Lipofectamine. At 36 h after transfection, cells were
stimulated with Wnt5a-CM and control-CM, and protein samples were prepared at the indicated
time points. Luciferase activity was measured using the luciferase assay system (Promega, Madison,
WI) in a Berthold luminometer and normalized to the 3-galactosidase activity [39] measured in the
same sample.

2.6. Cell Fractioning

Cell lysates were collected with a Hypertonic Solution (NaCl 500 mM; NaH2PO4 12 mM; NaF
10 mM, C12Mg6 5 mM; EDTA 1.5 mM; Igepal NP40, Leupeptin 10 pg/mL; Pepstatin A 5 ug/mL; and
Aprotinin 5 pg/mL) and centrifuged for 10 min. Supernatants were collected as the cytoplasmic fraction
and pellet was resuspended with a Hypotonic Solution (Hypertonic Solution without NaCl), sonicated
five times and centrifuged for 10 min to collect nuclear fraction.

2.7. Cytokine Array

Undiluted supernatants of cells treated with Wnt5a-CM and control CM for 32 h were incubated
over night at 4 °C with human inflammation antibody array membranes (Abcam, 134003), a
semi-quantitative assay for a simultaneous detection of 40 human inflammatory factors. Capture
antibodies were supplied arrayed/spotted on a membrane, with each pair of spots representing a
different analyte. After washing with PBS, the membranes were incubated with paired biotinylated
detector antibodies and streptavidin HRP, following the manufacturer protocol. Immunoreactive spots
were detected by an ECL system (Amersham Biosciences) using an image reader (ImageQuant 350, GE
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Healthcare). Quantification of band intensities was performed using Image] (NIH). The data were
analyzed as described in the figure legend.

2.8. ELISA

A Human IL-8 ELISA Set from BD Biosciences (555244) was performed on culture supernatants
from cells stimulated with Wnt5a for different times, according to manufacturer protocol. The
culture supernatants were assayed at a dilution within the linear range of the IL-8 standards, and the
concentration of IL-8 in each sample was determined using a standard curve, as indicated by the kit.

2.9. Immunofluorescence

Cells were seeded in slides and fixed in DMEM with 3% PFA for 10" at RT after treatment with
Wntba. Slides were washed in PBS and placed in permeabilization solution (containing Triton-X and
Sucrose) on ice for 20’. Slides were then blocked in TBS-tween with 3% BSA during 1 h at RT. Next,
they were incubated with a p65 antibody for 1 h, and after 3 washes with PBS, they were incubated
with a secondary antibody (Alexa Fluor 488) for 1 h in the dark. Finally, slides were mounted with
Vectashield DAPI ANTIFADE Mounting Medium. Pictures were taken on Nikon C1 Plus Microscopy
and analyzed on FIJI. We calculated a (corrected total cell section fluorescence (CTCF) coefficient
adapted from McCloy et al. [40].

2.10. Bioinformatics Analysis

The analysis of the expression of Wnt5a and cytokines in human samples was performed using data
from The Cancer Genome Atlas (TCGA) project. Expression data from TCGA dataset for skin cutaneous
melanoma (SKCM), containing 469 patients, were extracted using cBioportal. The plot figures were
generated in Excel.

2.11. Statistics

Except when indicated, experiments were performed at least 3 times. The sample size was
determined using the Power and Sample Size Program. All data are expressed as the mean + SD. Mean
differences between groups were determined using student’s t-tests or one-way ANOVAs, followed by
post hoc tests. Values of p < 0.05 were considered statistically significant. Statistical analyses were
conducted using software from Graph-Pad Prism. The number of independent experiments and
specific statistical analyses used in each experiment is indicated in the figure legends.

3. Results

3.1. Wntba Induces p65 Phosphorylation in Melanoma

To assess whether Wntba activates the NF-«kB pathway, MeWo and 1205Lu human melanoma
cells were stimulated with Wnt5a, and the degree of p65 S536 phosphorylation, a marker of NF-«B
activation [41], was determined by western blot. Our data show that both recombinant Wnt5a (rWnt5a) and
the Wntba conditioned medium (Wnt5a-CM) obtained from L-Wnt5a fibroblasts significantly increased p65
phosphorylation compared with the conditioned medium from control L cells (Control-CM) (Figure 1A).
To assess the specificity of the effect induced by Wnt5a-CM, the L-Wntba cells were incubated with
IWP-2. This compound inhibits Porcupine-dependent Wnt5a palmitoylation, a critical step in Wnt5a
biosynthesis [42], hence preventing Wnt5a secretion (Figure S1). The conditioned medium obtained from
L-Wntba cells under this condition failed to phosphorylate p65, confirming the participation of Wnt5a in
this process (Figure 1B). Since both rtWWnt5a and Wnt5a-CM similarly stimulated p65 phosphorylation, we
used Wnt5a-CM throughout this work. A time-course experiment revealed that p65 phosphorylation is
induced by 7 min and reaches a maximal level between 15 and 30 min after Wnt5a treatment. The increase
in P-p65 level was no longer seen 2 h after Wnt5a treatment (Figure 1C). After 1 h of Wnt5a treatment,
we observed a slow but steady decrease in total p65 levels, a proposed mechanism of shutting down
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NF-kB signals (Figure 1C) [43]. To determine whether this circuit linking Wnt5a with NF-kB is prevalent in
melanoma, we performed a similar Wntba treatment in four additional melanoma cell lines derived from
metastasis (A375, WM9, SK-Mel28, and SK-Mel2), a cell line derived from a primary tumor (WM983A),
and a melanocyte cell line. These cells also present different genetic backgrounds (see legend). In all cases,
Wntba elicited a significant rise in p65 phosphorylation with a fold increase ranging from 2 in A375 to 7.2
in SKMel28 (Figure 1D and Figure S2). These results demonstrate that Wnt5a readily phosphorylates p65
throughout the melanocytic lineage and irrespectively of the genetic background.
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Figure 1. Wnt5a increased p65 phosphorylation. (A) 1205Lu and MeWo cells were stimulated for 30 min
with recombinant Wntba (rWnt5a) or Wntba conditioned media (Wnt5a-CM). Protein extracts were
blotted with the indicated antibodies. (B) 1205Lu cells were stimulated with Wnt5a-CM (Wntb5a +) or
Control CM (Wnt5a —), which were collected in the presence of either IWP-2 (20 uM) or DMSO. Protein
extracts were blotted with the indicated antibodies. (C) 1205Lu cells were stimulated with Wnt5a-CM
(Wnt5a) for the indicated times, and the proteins extracts were then blotted with the indicated antibodies.
(D) The indicated melanoma cell lines were stimulated with Wnt5a-CM (Wnt5a) for 30 min, and the
proteins extracts were then blotted with the indicated antibodies. GAPDH or Vinculin were used as
loading controls. The blots displayed are representative of three independent experiments. Bar graphs
show the mean =+ SD (from three independent experiments) of P-p65 levels, normalized to the level of
total p65, detected after stripping the membrane. In panel C, to evaluate changes in total p65, the data
were normalized to GAPDH levels. Results are expressed as the fold change relative to control-treated
cells (lane 1 in A-C). In panel D, each cell line has its own control-treated lane. 1205Lu, SK-Mel28, and
WMO are both BRAF and PTEN mutant; A375 and WM983A are BRAF mutant; SK-Mel2 is Ras mutant;
MeWo is p53 mutant. The statistical significance was tested by a student’s t-Test (treated sample vs.
paired control in B,D) or ANOVA, followed by Dunnett’s Multiple Comparison Test (A,C), using log
transformed fold change (FC) values. * p < 0.05, ** p < 0.01, *** p < 0.001, n = 3.
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3.2. ROR1, Dvl2, and Akt are Required for Wnt5a-Dependent Activation of NF-xB

We next wanted to identify components of the Wnt non-canonical pathway that are required for
Wntb5a-dependent p65 activation. First, we evaluated the involvement of the Wntba tyrosine kinase
receptors ROR1 and ROR2, using both gain and loss of function approaches. The cell line A375 was
stably transduced with lentivirus expressing either ROR1 or ROR2, and the overexpression of both
genes was confirmed by western blot (Figure S3). Overexpression of ROR1 significantly increased
both p65 and P-p65 levels (Figure 2A). In contrast, no effect was seen upon ROR?2 overexpression
(Figure 2A). To further substantiate these results, we stably silenced ROR1 and ROR2 expression by
shRNA. Silencing of ROR2 was performed in the M2, since it expresses higher levels of ROR2, allowing
a more accurate assessment of the efficiency of gene silencing (Figure 54) [44]. In line with our findings
above, silencing of ROR1 abolished Wnt5a-induced p65 phosphorylation (Figure 2B). In contrast,
ROR?2 silencing did not affect the phosphorylation of p65 by Wntba (Figure 2C). These results are in
agreement with previous observations showing that ROR1 overexpression mimics many of the effects
elicited by Wnt5a [34]. We next assessed the participation of Dishevelled (Dvl), a key component of the
Wnt pathway that relays Wnt signals from receptors to downstream effectors. After knocking-down
Dvl isoforms by lentiviral shRNAs (Figure S5), we found that silencing of DvI2, but not of DvI1 and
Dvl13, inhibited the phosphorylation of p65 induced by Wnt5a (Figure 2D).

We also evaluated the role of Akt, a protein kinase that was shown to be a target of Wnt5a in
lung cancer [45] and melanoma cells [34]. In the five melanoma cell lines analyzed, stimulation with
Wntba for 30 min significantly phosphorylates Akt at 5473, a well-known marker of Akt activity
(Figure 3A). The activation of Akt reached a peak between 5 and 15 min upon Wnt5a treatment,
preceding the phosphorylation of p65 (Figure 3B) and leading to the speculation that Akt activity
might be an upstream mediator of p65 phosphorylation by Wnt5a. To address this possibility, we used
LY294002, a commonly used PI3K inhibitor that inhibits Akt phosphorylation by Wnt5a (Figure S6).
Preincubation with LY294002 prevented p65 phosphorylation by Wnt5a in 1205Lu, MeWo, and WM9
cell lines (Figure 3C). These results suggest that the PI3K/Akt pathway is implicated in the activation
of NF-kB by Wnt5a. To confirm this finding, we generated 1205Lu, stably expressing an shRNA
against Rictor, a critical component of the mTORC2 complex responsible for Akt activation via S473
phosphorylation. As expected, Rictor shRNA inhibited Akt phosphorylation in 1205Lu cells (Figure S7)
and prevented the phosphorylation of p65 induced by Wnt5a (Figure 3D). Interestingly, expression of a
constitutively active form of Akt (Akt-Myr) did not increase P-p65 levels compared to control cells
(Figure 3E), suggesting that, although Akt activity is required, it does not suffice to phosphorylate p65.
The results above indicate that activation of NF-kB by Wntb5a requires upstream components of the
Wntba pathway, such as ROR1, DvI2, and Akt.
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Figure 2. ROR1 and DvI2 are required for p65 phosphorylation by Wnt5a. (A) Western blot analysis
of A375 cells transduced with either ROR1 or ROR2. (B) A375 cells were transduced with a ROR1
shRNA or a scrambled shRNA and stimulated with either Wnt5a or control media for 30 min. The
proteins extracts were blotted with the indicated antibodies. (C) M2 cells were transduced with a ROR2
shRNA or a scrambled shRNA and stimulated with either Wnt5a or control media for 30 min. The
proteins extracts were blotted with the indicated antibodies. (D) 1205Lu cells were transduced with
lentivirus encoding, either Dv12 shRNA or Dvl1-3 shRNA, or a scramble sequence as a control, and
stimulated with either Wntba or control media for 30 min. The proteins extracts were blotted with the
indicated antibodies. GAPDH or Tubulin was used as the loading controls. The blots displayed are
representative of three independent experiments. The bar graphs show the mean + SD (from three
independent experiments) of P-p65 levels normalized to the level of total p65 detected after stripping
the membrane. Results are expressed as the fold change relative to control-treated cells (lane 1 in all
panels). The statistical significance was tested by a student’s t-Test (treated sample vs. paired control
in B-D) or ANOVA (A), followed by Dunnett’s Multiple Comparison Test, using log transformed FC
values. * p < 0.05, ** p < 0.01, n = 3.
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Figure 3. Activation of Akt is required for p65 phosphorylation by Wnt5a. (A) The indicated melanoma
cell lines were stimulated with Wnt5a-CM (Wnt5a) and the proteins extracts were then blotted with the
indicated antibodies. (B) 1205Lu cells were stimulated with Wnt5a-CM (Wnt5a) for the indicated times
and the proteins extracts were then blotted with the indicated antibodies. (C) 1205Lu, MeWo, and
WM cells were stimulated with Wnt5a-CM (Wnt5a) for 30 min in the presence of LY-294002 (10 uM).
The proteins extracts were blotted with the indicated antibodies. (D) Cells transduced with a Rictor
shRNA were stimulated with Wnt5a-CM (Wntba), and the proteins extracts were then blotted with the
indicated antibodies. (E) Western blot analysis of 1205Lu cells transduced with Akt-Myr or an empty
vector. The proteins extracts were blotted with the indicated antibodies. GAPDH or Vinculin were
used as the loading controls. The blots displayed are representative of three independent experiments.
The bar graphs show the mean + SD (from three independent experiments) of P-p65 (B-D) and P-Akt
(A,B) levels, normalized to the corresponding total protein and expressed as the fold change relative to
control-treated cells (lane 1 in B,D). In panel A and C, each cell line has its own control-treated lane.
Statistical significance in panels A,C,D,E,F was tested by a student’s t-Test (treated sample vs. paired
control) (panels A,C,D) or ANOVA (panel B), followed by Dunnett’s Multiple Comparison Test, using
log transformed FC values. * p < 0.05, ** p < 0.01, *** p < 0.001, n = 3.
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3.3. Wntba Activates Canonical Components of the NF-xB Pathway

We next set to study the participation of known components of the upstream NF-«B cascade in the
phosphorylation of p65 by Wnt5a. We first examined changes in IKK and IkBg, as they play critical roles
in p65 regulation. During canonical NF-«kB activation, IKK activation leads to IkBo phosphorylation
and subsequent degradation [31]. Similarly, a significant increase in IKK«/3 phosphorylation could
be seen from 15 min following Wnt5a treatment (Figure 4A). The simultaneousness of p65 and IKK
phosphorylation upon Wntba stimulation, and the fact that IKK has been regarded as the main
kinase implicated in S536 phosphorylation of p65 upon TNF«, suggests the participation of IKK on
Wntba-induced p65 phosphorylation. To confirm this possibility, we used the IKK inhibitor BAY-117082.
As expected, BAY-117082 prevented the increase in p65 phosphorylation induced by Wnt5a (Figure 4B).
In contrast, inhibition of GSK-3f (another kinase shown to phosphorylate p65) using LiCl [46] did
not affect Wnt5a-induced p65 phosphorylation (Figure S8). In agreement with the increase in IKK
phosphorylation, IkBx levels decreased after Wnt5a stimulation (Figure 4C). Although IkB«x is not
completely degraded, as occurred in the TNF« treatment, its levels were reduced significantly by more
than 60%, 2 h after Wnt5a treatment (Figure 4C). To understand the involvement of more upstream
components of the NF-«kB pathway, we examined the role of TRAF2 and RIP. TRAF2 is an adaptor
protein that plays critical roles in the signaling of the TNF« receptor superfamily members, whereas
RIP is implicated in IKK complex activation on the canonical NF-«B pathway [31]. For this experiment,
we used a dominant negative form of TRAF2 (TRAF2-DN) (Figure S9), lacking the amino-terminal
RING finger domain (A1-87), and a dominant negative form of RIP (RIP-DN, aminoacids 559-671)
that has been shown to block IKK activation during the canonical NF-«kB pathway [47] (Figure S9). For
this experiment, we used MeWo cells, since they presented the highest constitutive NF-«kB activity
among all our cell lines [48]. Expression of either TRAF2-DN or RIP-DN in MeWo cells abolished the
induction of p65 phosphorylation by Wnt5a (Figure 4D). These results demonstrate that activation of
the NF-«B pathway by Wnt5a shares many features with the canonical NF-kB pathway, including the
participation of TRAF2 and RIP, IKK phosphorylation, IkBx degradation, and p65 phosphorylation.

3.4. Wntba-Induced NF-xB Transcriptional Activity

Activation of the NF-kB pathway involves translocation of p65 to the nucleus, where binding to
DNA and transcriptional regulation occurs. Therefore, we wanted to assess changes in the cellular
localization of p65 proteins upon Wntba treatment by using fluorescent microscopy. Following fixation and
permeabilization, 1205Lu and SK-Mel2 cells were stained with an antibody against p65 and counterstained
with DAPL After Wnt5a treatment, the cells displayed a mostly nuclear staining pattern that markedly
differed from the diffuse staining observed throughout the cell, following stimulation with control CM
(Figure 5A and Figure S10). Quantification of these images revealed a significant increase in nuclear
p65 upon Wntba treatment (Figure 5A). We next evaluated changes in p65 localization by subcellular
fractionation and western blotting. Treatment with Wnt5a resulted in the accumulation of p65 in the
nuclear fraction with a concomitant reduction in the cytoplasmic fraction (Figure 5B). The presence and
purity of the subcellular fractionation were assessed by using the cytosolic marker GAPDH and the nuclear
marker Histone 3. Since Wnt5a induced p65 nuclear translocation and phosphorylation of 5536, and
the latter was shown to enhance NF-«B transactivation through increased p65 acetylation and CBP/p300
binding [31], we wanted to determine whether Wnt5a activates NF-«B transcriptional activity. To this end,
a luciferase reporter assay was performed. M2 melanoma cells were transfected with an NF-«kB synthetic
luciferase reporter construct and stimulated with Wntba for different time intervals. NF-«B luciferase
activity significantly increased in a time-dependent manner, reaching a 3-fold increase at 24 h following
treatment (Figure 5C). To confirm this finding, we evaluated changes in expression levels of three known
NEF-«B target genes, following Wntba stimulation. In agreement with previous results, Wntba significantly
increased the expression levels of RelB, Cyclin D1, and Bcl2 (Figure 5D). Since the expression of these
genes can also be regulated by other pathways, we determined the specific contribution of NF-«B to the
transcription of these genes by using JSH-23, a selective inhibitor of p65 nuclear translocation and its
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transcriptional activity [49]. Our data show that, in the presence of JSH-23, Wnt5a no longer augmented
RelB, Cyclin D1, and Bcl2 levels (Figure 5D). Upregulation of Cyclin D1 and Bcl2 by Wntba was also
observed in melanocytes (Figure S11). Altogether, these results indicate that Wnt5a stimulates NF-«B
transcriptional activity.
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Figure 4. Wnt5a activates canonical components of NF-«kB signaling. (A) 1205Lu cells were stimulated
with Wnt5a-CM (Wnt5a) for the indicated times and the proteins extracts were then blotted with the
indicated antibodies. (B) 1205Lu cells were stimulated with Wnt5a-CM (Wnt5a) for 30 min in the
presence of BAY-117082 (10 uM). The proteins extracts were blotted with the indicated antibodies. (C)
1205Lu cells were stimulated with either Wnt5a-CM (Wnt5a) or TNF«x (10 pug/mL) for the indicated
times in the presence of cycloheximide (10 ug/mL). The proteins extracts were blotted with the indicated
antibodies. (D) MeWo cells stably transfected with either TRAF2-DN, RIP-DN, or empty plasmid
(CMV) were stimulated with either Wnt5a-CM (Wnt5a) or control media for 30 min. GAPDH, Tubulin,
or Actin were used as loading controls. The blots displayed are representative of three independent
experiments. The bar graphs show the mean + SD (from three independent experiments) of P-IKK«/[3
(A), P-p65 (B,D), and IkBa (C) levels, normalized to total IKK (A), Tubulin (C), and total p65 (B,D),
expressed as the fold change relative to control-treated cells (lane 1 in all panels). In panel D, each cell
line has its own control-treated lane. The statistical significance in panels was tested by a student’s
t-Test (treated sample vs. paired control, B,D) or ANOVA (A,C), followed by Dunnett’s Multiple
Comparison Test, using log transformed FC values. *** p < 0.001, n = 3.
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Figure 5. Wntba induces p65 translocation and NF-kB transcriptional activity. (A) SK-Mel2 cells
were stimulated with Wnt5a-CM or Control-CM, and the localization of p65 was determined by
immunofluorescence (Left panels. FITC, green). Panels on the right show FITC images merged to
DAPI staining of DNA (blue). Areas of overlap between p65 and the DNA appear in light blue. The
bar graphs show the mean + SD (from three independent experiments) of the nuclear fluorescent p65
staining intensity of 10 fields per treatment and experiment. The statistical significance was tested
by a one-tailed student t-Test, ** p < 0.01, ns: not significant, n = 3. (B) Nuclear and cytoplasmic
fractions obtained from 1205Lu cells stimulated with Wnt5a-CM (Wnt5a) were blotted with p65
antibodies. Histone 3 and GAPDH were used as nuclear and cytosolic markers. The blots displayed
are representative of three independent experiments. Bar graphs show the mean + SD (from three
independent experiments) of p65 levels, normalized to either Histone 3 or GAPDH and expressed as
the fold change relative to control-treated cells. (C) M2 cells were transfected with a NF-kB synthetic
luciferase reporter construct (pNF-kB-Luc) and stimulated with Wnt5a-CM (Wntba) or control media
for different time intervals. Results are shown as the mean + SD. The statistical significance was tested
by a student’s t-Test. ** p < 0.01. (D) MeWo cells were stimulated with Wnt5a-CM (Wntba) or control
media for different time intervals in the presence of JSH-23 (10 pM) or DMSO. The protein extracts were
blotted with the indicated antibodies. Vinculin was used as the loading control. The blots displayed
are representative of three independent experiments. The bar graphs show the mean + SD (from three
independent experiments) of the levels of RelB, Cyclin D1, and Bcl2, normalized to Vinculin levels and
expressed as the fold change relative to control-treated cells (0 h time-point). The statistical significance
was tested by ANOVA, followed by Dunnett’s Multiple Comparison Test, using log transformed FC
values. * p < 0.05, ** p < 0.01, ** p < 0.001, n = 3.
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3.5. Wntba Induced Secretion of Cytokines and Chemokines by Melanoma Cells

Since the NF-«kB pathway is a master regulator of inflammation, we wanted to assess whether
Wntba can increase the expression of cytokines and chemokines by melanoma cells. To this end, culture
supernatants from MeWo cells stimulated with Wnt5a for 32 h were evaluated using a human cytokine
array. This analysis revealed that Wnt5a enhanced the expression of several cytokines and chemokines,
including IL-6, IL-6 soluble receptor (IL-6sR), IL-8 (CXCLS), IL-11, TNFo soluble receptor I (sTNFRI),
and MCP-1 (CCL2), with a fold increase over control-treated cells between 2 and 14 (Figure 6A).
Importantly, Wnt5a did not upregulate TGF31, INFy, or TNFe, ruling out the possibility that the
rise on the levels of the above-mentioned cytokines and chemokines was mediated by those classical
factors. To validate the effect of Wnt5a on cytokine/chemokine production, we determined changes in
IL-8 levels by ELISA. IL-8 levels significantly rose at 4 h upon Wntb5a treatment and further increased
over time, reaching a 19-fold increase at 32 h after Wnt5a treatment (Figure 6B). Of note, this increase
in the IL-8 level was much larger than the seven-fold increase detected by the array, suggesting that
this assay might be underestimating the upregulation of cytokines and chemokines.

The increase in IL-8 release following Wnt5a treatment was also observed in 1205Lu and SK-Mel28
cell lines (Figure S12). To evaluate the relationship between Wntba and these cytokines/chemokines in
melanoma samples, we used cBioPortal [50] to determine the co-expression of some of these genes with
Wnt5a in TCGA public datasets for melanoma (SKCM, 479 patients). In agreement with our results,
the expression of IL-6, IL-8 (CXCLS), IL-11, and MCP-1 (chemokine ligand 2 (CCL2) significantly
correlated with that of Wnt5a in metastatic melanoma tumors (Figure 6C, blue symbols). With the
exception of IL-6, the level of these cytokines in primary melanoma tumors also significantly correlated
with that of Wnt5a (Figure 6C, red symbols). These results demonstrate that activation of NF-kB by
Wntba stimulates the production of cytokines and chemokines by melanoma cells.

3.6. Melanoma Cells Present a Wntba Autocrine Circuit to Activate NF-xB

While all the melanoma cell lines assayed showed activation of p65 phosphorylation by Wntba,
some of them, such as 1205Lu, WM983A, and WMO, displayed a moderate effect with a fold increase
between 2 and 3. Coincidentally, these cell lines present high levels of constitutive p65 phosphorylation
(Figure 1A,D) and were previously found to abundantly express Wntba [34]. These observations
raised the possibility that the high basal levels of phosphorylated p65 in these cells might be due to a
Wnitba autocrine loop. This could explain why the stimulation with Wnt5a-CM just induced a modest
increase of the p65 phosphorylation in these cells. To test this possibility, we measured changes in
phosphorylated p65 levels upon inhibition of endogenous Wnt5a in WM9 cells by both pharmacological
and genetic approaches. Incubation of WMO9 cells for 4 h with Box5, a Wnt5a-derived hexapeptide
that antagonizes Wntb5a [51], dose-dependently inhibited p65 phosphorylation (Figure 7A). Similarly,
Tunicamycin, a bacterial compound that decreases cellular expression and secretion of Wnt5a by
inhibiting its N-linked glycosylation [52], significantly diminished basal p65 phosphorylation of WM9
cells after 12 h (Figure 7B). These results demonstrate that inhibition of endogenous Wnt5a-decreased
basal phosphorylation of the critical S536 residue in p65 in melanoma cells. To confirm these results,
we inhibited Wnt5a expression by stable transduction of WM9 cells with a lentivirus encoding a Wnt5a
shRNA. This experiment revealed that Wnt5a knock-down significantly reduced both phosphorylated
and total p65 levels (Figure 7C). The unexpected decrease in total p65 levels was not an artifact of
generating a stable cell line, since protein extracts obtained from WM9 cells 48 h after transduction
with the Wnt5a shRNA yielded the same result (Figure S13). The downregulation of both basal
phosphorylated and total p65 levels were also observed upon inhibiting endogenous Wnt5a by an
incubation of 72 h with IWP-2 (Figure 7D). These results show that inhibition of endogenous Wnt5a
decreased basal p65 phosphorylation, but as the inhibition prolongs in time (i.e., more than 24 h), total
expression of the p65 protein is also compromised. To attempt to observe these two effects in the same
experimental setting, we treated WMO cells with Box5 for different time-points. As previously shown
(Figure 7A), the early effect of Wntba inhibition just reduced the levels of phosphorylated p65, whereas
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at later time points it also reduced total p65 levels (Figure 7E). Altogether, these results reveal that
Wntba, when expressed by the cells, triggers an autocrine loop that activates the NF-kB pathway. Along
this line, interruption of this loop by inhibition of Wnt5a can drastically inhibit the NF-«B pathway.
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Figure 6. Wnt5a induced secretion of pro-inflammatory cytokines by melanoma cells. (A) Representative
image showing the human inflammatory protein array probed with proteins from MeWo cells stimulated
with Wnt5a. Culture supernatants from MeWo cells treated with Wnt5a-CM (Wnt5a) or Control-CM
(Control) for 32 h were assayed using a Human cytokine array. Each cytokine is represented by
duplicate spots. Cytokines that were induced by Wntba are indicated: 1, IL-6; 2, IL-6sR; 3, IL-§; 4,
IL-11; 5, MCP1; 6, sSTNFRI; A, INFy; B, TGFf; C, and TNFa. Positive and negative controls are in the
upper left (n = 4) and lower right (n = 2) corners, respectively. The average net signal intensity of
each pair of cytokine spots was determined using Image] and expressed as the fold change relative to
control-treated cells. The dotted line denotes a fold-change of 1. (B) IL-8 levels were determined by
ELISA in culture supernatants from MeWo cells stimulated with Wnt5a-CM (Wnt5a) for the indicated
times. Results are shown as the mean + SD * p < 0.05, ** p < 0.01, *** p < 0.001, n = 3, ANOVA, followed
by Dunnett’s Multiple Comparison Test. (C) Wnt5a expression levels correlate with the expression
levels of IL-6, IL-8, IL-11 and MCP-1 in melanoma. Co-expression of Wnt5a with IL-6, IL-8 (CXCLS),
IL-11, and MCP-1 (CCL2) in primary (red symbols) and metastatic (blue symbols) samples from The
Cancer Genome Atlas (TCGA) public datasets for melanoma (skin cutaneous melanoma (SKCM), 479
patients). TCGA RNA-seq data were extracted using the cBioportal database. The value of Pearson’s
correlation coefficient, as well as the p value, were generated by the cBioportal database to measure the
correlation of gene co-expression.
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Figure 7. Melanoma cells stimulate autocrine activation of p65. (A) Western blot analysis of WM cells
incubated with the indicated concentrations of Box5 or DMSO for 4 h. (B) Western blot analysis of
WMDO cells incubated with Tunicamycin (4 uM) or DMSO for 12 h. Both cell extracts and conditioned
media were blotted with the indicated antibodies. (C) Western blot analysis of WM9 cells incubated
with IPW-2 (20 uM) or DMSO for 72 h. The proteins extracts were blotted with the indicated antibodies.
(D) WMO cells were stably transduced with lentivirus, encoding Wnt5a shRNA or a scramble sequence
as a control. The protein extracts were blotted with the indicated antibodies. (E) Western blot analysis
of WM cells incubated with Box5 (200 uM) for the indicated times. Vinculin, Tubulin, or GAPDH were
used as loading controls. The blots displayed are representative of three independent experiments. The
bar graphs show the mean + SD (from three independent experiments) of P-p65 levels, normalized to
the level of total p65, detected after stripping the membrane. In panels C,D,E, to evaluate changes in
total p65, the data were normalized to GAPDH levels. Results are expressed as the fold change relative
to control-treated cells (lane 1). The statistical significance was tested by a atudent’s t-Test (B-D) or
ANOVA, followed by Dunnett’s Multiple Comparison Test (A,E), using log transformed FC values.
*p <0.05,**p <0.01, **p <0.001, n=3.

4. Discussion

Wnt signaling is known to have roles both in melanoma initiation and progression. Wnt5a has
garnered interest in melanoma after the observation that it is highly expressed in metastatic melanoma
and that its high expression correlates with disease progression and decreased progression-free
and overall survival [18]. Later studies described the role of Wnt5a in regulating cell motility and
invasion [53,54]; a concept that was confirmed after its identification as one of the 45 genes defining
an invasive signature in melanoma cells [55]. Since then, the investigation of its role in invasion and
metastasis has been a staple of Wnt5a research in melanoma and other tumor types.

The participation of Wnt5a in several inflammatory diseases is well known, but its role in
tumor-promoting inflammation has been scarcely and fragmentarily studied. It has been shown that
Wntba can promote cytokine expression in cancer cells [27,28,56-58]. However, none of these studies
explored the mechanisms underlying cytokine regulation by Wnt5a. Given the known role of NF-«B
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on regulating cytokine expression, it is easy to envision the involvement of the NF-«B pathway in
this process following Wntba stimulus. Activation of NF-kB by Wnt5a was described in several cell
types, usually immune cells [59]. But again, the existence of a Wnt5a-NF-«B connection has not been
conclusively demonstrated in cancer cells. The only references in such regard is that activation of
NF-kB by Wnt5a was shown to be required for BMP-6 mRNA and MMP7 upregulation in LNCaP [60]
and breast cancer cells [61], respectively. In line with the notion above, regulation of inflammation
has not been considered as a frequent and important effect of Wnt5a in cancer [5-9,62,63]. Our work
shows NF-«B activation by Wntba, identifies critical intermediaries of this process, and demonstrates
that Wntba stimulates secretion of cytokines/chemokines in melanoma cells. For this crosstalk to occur,
the participation of components of both the Wnt5a and the NF-«kB pathways is required (Figure 8).
In relation with the former pathway, we described the important role of both the tyrosine kinase
receptor ROR1 and the Wnt signalosome core protein Dv12. The possibility of a ROR1-NF-kB axis was
raised by Fukuda et al. and Diaz —Horta et al., who described that ROR1 overexpression increased
NF-«B reporter activity in HEK293T cells [64,65]. These findings and data from our laboratory ([34]
and this manuscript) suggest that ROR1 overexpression mimics many of the effects elicited by Wnt5a.
Similarly, DvI3 has been implicated in p65 nuclear translocation of p65 via a p38-dependent activation
mechanism in lung cancer cells [66].

9088 900080000000538 00000004,
R
o]

Figure 8. Model of p65 activation by Wnt5a. Wnt5a stimulates Akt phosphorylation with the
participation of ROR1 and Dvl2. Akt induces activation of the IKK complex, which in turn
phosphorylates S536 of p65 and induces IkBa degradation. TRAF2 and RIP1 participate in this
process. Upon IkBo degradation, p65 translocates to the nucleus and induces transcription of cytokines
and other NF-«B target genes.

Downstream of its plasma membrane receptors and the scaffold proteins Dvls, Wnt5a signaling
can activate several pathways [5-9]. In recent years, we and others demonstrated that Akt is a novel
and important target of Wnt5a [34,45,67]. Here, we show that activation of Akt is required for the
NF-kB pathway activation by Wnt5a. This finding is in agreement both with the correlation found
between active Akt and active p65 in biopsies from melanoma patients [68] and with the observed
deactivation of NF-kB upon Akt inhibition seen in several tumor types, including melanoma [68-70].
The link between Akt and NF-«B has been extensively documented and many publications even
refer to a “PI3K/Akt/NF-«kB pathway”, although many features of this “pathway” have been poorly
defined [70,71]. Although there is a consensus that the regulatory effect of Akt on p65 is mediated by
5536 phosphorylation, the identity of the implicated kinase is still not clear. It has been often assumed
that this process might be directly mediated by Akt. However, the amino acid sequence surrounding the
5536 (GDEDFSSIADMDEF) does not correspond to the consensus Akt site (RXRXXS/TF/L), an issue that
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has been frequently overlooked. In line with this observation, other groups have proposed other protein
kinases, such as mTOR, IKK, or p38, as implicated in this reaction [72,73]. Our results support the role
of IKK on Wnt5a-dependent p65 phosphorylation. This, together with the participation of TRAF2 and
RIP, suggests that NF-«B activation by Wnt5a shares many features with the canonical NF-«B activation.
Concerning the events leading to the phosphorylation of IKK, they are still a matter of debate in the
NF-«B field and have not been explored in the present manuscript. To explain the phosphorylation of
IKK upon TNF, both IKK kinases (i.e., TAK1, RIP1, MEKKS3) and IKK trans-autophosphorylation
have been described [31,74]. Downstream of IKK phosphorylation, activation of NF-kB by both TNFa
and Wnt5a leads to phosphorylation-dependent degradation of IkBx, although the process triggered
by Wntba is much slower and less efficient than that triggered by TNFa. Our data show that IkBa is
just partly degraded 2 h upon Wntba treatment, a situation similar to that observed upon other stimuli
activating NF-kB, such as CD40 [75]. This difference is not trivial and might account for differences in
gene expression programs induced by different stimuli that activate the same IKK-IkB-NF-«B signaling
module [32].

The elevated Wntba expression seen in both melanoma metastasis and melanoma cell lines
with an invasive phenotype made it feasible to study the Wnt5a/NF-«B crosstalk by using strategies
based on the inhibition of endogenous Wnt5a. This approach has led to confirm Wnt5a’s ability to
phosphorylate p65, but also allowed us to determine that sustained inhibition of Wnt5a signaling
affects p65 expression as well. In contrast to the detailed knowledge we have about post-translational
modifications regulating p65/RelA activity and localization, little is known about the regulation of its
transcription. These observations position the Wnt5a pathway as a major regulator of NF-kB, at least
in melanoma cells. Future studies will allow characterizing, which of the many pathways activated by
Wntba controls p65 expression.

Wntb5a has been shown to stimulate cytokine/chemokine secretion in different types of cells [76-79].
Many of these studies have focused on macrophages that use their Wnt5a to promote the release of the
pro-inflammatory cytokines required to sustain macrophage’s inflammatory response [26]. In contrast,
just a few studies have described the upregulation of cytokines by Wnt5a in tumor cells [27,28]. In
melanoma, Wnt5a was associated with the release of IL-6, VEGF, and MMP2 [58]. In the present
work, we have used an unbiased approach to explore the production of cytokines and chemokines in
further depth by using a microarray for simultaneous detection of 40 human cytokines. Our results
reveal that Wntb5a stimulates melanoma cells to secrete IL-6, IL-8, IL-11, MCP-1, IL-6sR, and sTNFRI.
The identification of these proteins offers an insight into the immunomodulatory functions of Wnt5a.
IL-6, IL-6sR, sTNFRI, and IL-11 are pro-inflammatory cytokines that contribute to angiogenesis, cell
proliferation, tumor cell survival, exhaustion of effector T cells, and therapeutic resistance [80,81]. Wnt5a
also promotes the release of the chemokines IL-8 and MCP-1. Besides promoting tumor progression by
acting on both tumor and non-tumor cells from the tumor microenvironment, these proteins strongly
chemoattract monocytes (MCP-1) and neutrophils and T cells (IL-8) to both primary and metastatic
tumors [82]. Monocyte-derived tumor-associated macrophages are particularly abundant in the tumor
microenvironment and generally play a pro-tumoral role. During metastasis, macrophages promote
tumor cell extravasation, survival, and immunosuppression [83]. Neutrophils also favor tumor growth
through the formation of NETs Neutrophil extra-cellular traps (NETs), the release of reactive oxygen
species (ROS), and the promotion of immunosuppression [84]. Our observation that links Wnt5a with
cytokine/chemokine secretion and immunosuppression is in agreement with a recent finding that
suggested a role of Wntba in resistance to anti-PD-1 therapy. Hugo and coworkers described that Wnt5a
is part of a transcriptional signature found in PD-1 innately resistant tumors and referred to as IPRES
or Innate anti-PD-1 RESistance [85]. Our findings provide a biological significance for the high levels
of Wntba in patients with IPRES, which would contribute to the generation of a pro-inflammatory and
immunosuppressive tumor microenvironment that precludes the effect of anti-PD-1 therapy. It remains
to be determined whether Wnt5a is a major contributor to the phenomenon of innate resistance to PD-1
or just a biomarker of this process. The former possibility seems plausible since (i) the IPRES signature
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contains a large number of Wnt signaling pathway genes, (ii) it also contains immunosuppressive
genes, such as VEGF, and chemokines, such as IL-8, CCL2, CCL7, and CCLS8, which were shown by
us and others to be regulated by Wntba ([56-58,76,77] and this study), and (iii) the effects of Wnt5a
secreted by melanoma cells will likely persist and be amplified in the tumor microenvironment, thanks
to autocrine positive feedback loops with NF-«B [86], STAT3 [86,87], IL-6 [88], and paracrine effects
over other cells (i.e., macrophages). In summary, we show that Wnt5a, initially studied for its role
in tumor migration and invasion, activates NF-kB and exerts an immunomodulatory role, further
establishing Wntba as a promising therapeutic target for melanoma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/9/1060/s1.
Figure S1: IWP-2 prevents Wntb5a secretion, Figure 52: Wnt5a induced p65 phosphorylation in melanocytes,
Figure S3: A375 cell lines stably expressing ROR1 and ROR2, Figure S4: Silencing of ROR1 and ROR2 in melanoma
cell lines, Figure S5: Silencing of Dvl proteins in 1205Lu cells, Figure S6L Effect of LY294002 on Akt phosphorylation,
Figure S7: Silencing of Rictor in 1205Lu cells, Figure S8: LiCl does not inhibit p65 phosphorylation by Wnt5a,
Figure 59: Assessment of DN-TRAF2 and DN-RIP expression, Figure S10: Wnt5a induces p65 nuclear translocation,
Figure S11: Wnt5a upregulates NF-kB targets on melanocytes, Figure S12: Wntba stimulates IL-8 secretion,
Figure 513: Wntb5a silencing decreases p65 level.

Author Contributions: Conceptualization, P.L.-B.; formal analysis, G.B.; funding acquisition, P.L.-B.; investigation,
G.B, M.V.C, M.B.V, and M.].Q.; methodology, N.B.E. and P.L.-B.; project administration, P.L.-B.; resources, S.D.;
supervision, P.L.-B.; validation, G.B.; Visualization, G.B., M.V.C., and P.L.-B.; writing—original draft, P.L.-B.;
writing—review and editing, G.B. and P.L.-B.

Funding: This research was supported by grants BID-PICT-2007-1010 and BID-PICT2011-1605 from the Agencia
Nacional de Promocion Cientifica y Tecnolégica (ANPCyT) and grants from Fundacién Cientifica Felipe Fiorellino,
Fundacion Alberto Roemmers and the Instituto Nacional de Cancer. Consejo Nacional de Investigaciones
Cientificas y Técnicas (CONICET) provided fellowships to G.B., M.V.C., N.B.F,, M.B.V,, and M.].Q. This work
was completed, in part, with support from the Veterans Health Administration and with resources and the use
of facilities at the Central Texas Veterans Health Care System, Temple, Texas. The contents do not represent the
views of the US Department of Veterans Affairs or the United States Government.

Acknowledgments: We thank Luca Grumolato (Universite de Rouen, France) for ROR1 and ROR2 expression
vectors, Ivan Topisirovic (McGill University, Canada) for Rictor shRNA, Stuart Aaronson (Mount Sinai School
of Medicine, New York) for Dvl shRNA, and Hasemu Habelhah (University of lowa, lowa) for TRAF-DN and
RIP-DN. We thank Camila Ledo for helping with the ELISA. We thank Miss Alejandra Fisz for administrative
assistance and Engr. Alberto Varela and his crew for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. American Cancer Society. Cancer Facts & Figures 2018; American Cancer Society: Atlanta, GA, USA, 2018.

2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer ]. Clin. 2018, 68, 7-30. [CrossRef]
[PubMed]

3. Ugurel, S.; Rohmel, J.; Ascierto, P.A.; Flaherty, K.T.; Grob, ].J.; Hauschild, A.; Larkin, ].; Long, G.V,; Lorigan, P;
McArthur, G.A.; et al. Survival of patients with advanced metastatic melanoma: The impact of novel
therapies-update 2017. Eur. ]. Cancer 2017, 83, 247-257. [CrossRef] [PubMed]

4. Tang, T.; Eldabaje, R.; Yang, L. Current Status of Biological Therapies for the Treatment of Metastatic
Melanoma. Anticancer Res. 2016, 36, 3229-3241. [PubMed]

5. Asem, M.S.; Buechler, S.; Wates, R.B.; Miller, D.L.; Stack, M.S. Wnt5a Signaling in Cancer. Cancers 2016, 8, 79.
[CrossRef] [PubMed]

6. Van Amerongen, R.; Mikels, A.; Nusse, R. Alternative wnt signaling is initiated by distinct receptors. Sci.
Signal. 2009. [CrossRef] [PubMed]

7. Katoh, M. WNT/PCP signaling pathway and human cancer (review). Oncol. Rep. 2005, 14, 1583-1588.
[CrossRef] [PubMed]

8.  Endo, M,; Nishita, M.; Fujii, M.; Minami, Y. Insight into the role of Wntba-induced signaling in normal and
cancer cells. Int. Rev. Cell Mol. Biol. 2015, 314, 117-148. [PubMed]

9.  Kikuchi, A.; Yamamoto, H.; Sato, A.; Matsumoto, S. Wntba: Its signalling, functions and implication in
diseases. Acta Physiol. (Oxf.) 2012, 204, 17-33. [CrossRef]


http://www.mdpi.com/2073-4409/8/9/1060/s1
http://dx.doi.org/10.3322/caac.21442
http://www.ncbi.nlm.nih.gov/pubmed/29313949
http://dx.doi.org/10.1016/j.ejca.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28756137
http://www.ncbi.nlm.nih.gov/pubmed/27354579
http://dx.doi.org/10.3390/cancers8090079
http://www.ncbi.nlm.nih.gov/pubmed/27571105
http://dx.doi.org/10.1126/scisignal.135re9
http://www.ncbi.nlm.nih.gov/pubmed/18765832
http://dx.doi.org/10.3892/or.14.6.1583
http://www.ncbi.nlm.nih.gov/pubmed/16273260
http://www.ncbi.nlm.nih.gov/pubmed/25619716
http://dx.doi.org/10.1111/j.1748-1716.2011.02294.x

Cells 2019, 8, 1060 19 of 22

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

McDonald, S.L.; Silver, A. The opposing roles of Wnt-5a in cancer. Br. J. Cancer 2009, 101, 209-214. [CrossRef]
Blanc, E.; Roux, G.L.; Benard, J.; Raguene, G. Low expression of Wnt-5a gene is associated with high-risk
neuroblastoma. Oncogene 2005, 24, 1277-1283. [CrossRef]

Liang, H.; Chen, Q.; Coles, A.H.; Anderson, S.J.; Pihan, G.; Bradley, A.; Gerstein, R.; Jurecic, R.; Jones, S.N.
Wntba inhibits B cell proliferation and functions as a tumor suppressor in hematopoietic tissue. Cancer Cell
2003, 4, 349-360. [CrossRef]

Jonsson, M.; Dejmek, J.; Bendahl, P.O.; Andersson, T. Loss of Wnt-5a protein is associated with early relapse
in invasive ductal breast carcinomas. Cancer Res. 2002, 62, 409—416. [PubMed]

Kobayashi, Y.; Kadoya, T.; Amioka, A.; Hanaki, H.; Sasada, S.; Masumoto, N.; Yamamoto, H.; Arihiro, K,;
Kikuchi, A.; Okada, M. Wnt5a-induced cell migration is associated with the aggressiveness of estrogen
receptor-positive breast cancer. Oncotarget 2018, 9, 20979-20992. [CrossRef] [PubMed]

Cheng, R; Sun, B,; Liu, Z.; Zhao, X.; Qi, L.; Li, Y.; Gu, Q. Wnt5a suppresses colon cancer by inhibiting
cell proliferation and epithelial-mesenchymal transition. J. Cell. Physiol. 2014, 229, 1908-1917. [CrossRef]
[PubMed]

Kremenevskaja, N.; von Wasielewski, R.; Rao, A.S.; Schofl, C.; Andersson, T.; Brabant, G. Wnt-5a has tumor
suppressor activity in thyroid carcinoma. Oncogene 2005, 24, 2144-2154. [CrossRef] [PubMed]

Deng, X.; Tu, Z.; Xiong, M.; Tembo, K.; Zhou, L.; Liu, P; Pan, S.; Xiong, J.; Yang, X.; Leng, J.; et al. Wnt5a
and CCL25 promote adult T-cell acute lymphoblastic leukemia cell migration, invasion and metastasis.
Oncotarget 2017, 8, 39033-39047. [CrossRef] [PubMed]

Da Forno, P.D.; Pringle, ].H.; Hutchinson, P.; Osborn, J.; Huang, Q.; Potter, L.; Hancox, R.A.; Fletcher, A.;
Saldanha, G.S. WNT5A expression increases during melanoma progression and correlates with outcome.
Clin. Cancer Res. 2008, 14, 5825-5832. [CrossRef]

Kurayoshi, M.; Oue, N.; Yamamoto, H.; Kishida, M.; Inoue, A.; Asahara, T.; Yasui, W.; Kikuchi, A. Expression
of Wnt-5a is correlated with aggressiveness of gastric cancer by stimulating cell migration and invasion.
Cancer Res. 2006, 66, 10439-10448. [CrossRef]

Huang, C.L.; Liu, D.; Nakano, J.; Ishikawa, S.; Kontani, K.; Yokomise, H.; Ueno, M. Wnt5a expression is
associated with the tumor proliferation and the stromal vascular endothelial growth factor—An expression
in non-small-cell lung cancer. J. Clin. Oncol. 2005, 23, 8765-8773. [CrossRef]

Ripka, S.; Konig, A.; Buchholz, M.; Wagner, M.; Sipos, B.; Kloppel, G.; Downward, J.; Gress, T.; Michl, P.
WNT5A—Target of CUTL1 and potent modulator of tumor cell migration and invasion in pancreatic cancer.
Carcinogenesis 2007, 28, 1178-1187. [CrossRef]

Yamamoto, H.; Oue, N.; Sato, A.; Hasegawa, Y.; Yamamoto, H.; Matsubara, A.; Yasui, W.; Kikuchi, A. Wntba
signaling is involved in the aggressiveness of prostate cancer and expression of metalloproteinase. Oncogene
2010, 29, 2036-2046. [CrossRef] [PubMed]

Prasad, C.P.; Mohapatra, P.; Andersson, T. Therapy for BRAFi-Resistant Melanomas: Is WNT5A the Answer?
Cancers (Basel) 2015, 7, 1900-1924. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]
[PubMed]

Pashirzad, M.; Shafiee, M.; Rahmani, F.; Behnam-Rassouli, R.; Hoseinkhani, F.; Ryzhikov, M.; Moradi
Binabaj, M.; Parizadeh, M.R.; Avan, A.; Hassanian, S.M. Role of Wnt5a in the Pathogenesis of Inflammatory
Diseases. J. Cell. Physiol. 2017, 232, 1611-1616. [CrossRef] [PubMed]

Shao, Y.; Zheng, Q.; Wang, W.; Xin, N.; Song, X.; Zhao, C. Biological functions of macrophage-derived Wntba,
and its roles in human diseases. Oncotarget 2016, 7, 67674-67684. [CrossRef] [PubMed]

Kanzawa, M.; Semba, S.; Hara, S.; Itoh, T; Yokozaki, H. WNT5A is a key regulator of the
epithelial-mesenchymal transition and cancer stem cell properties in human gastric carcinoma cells.
Pathobiology 2013, 80, 235-244. [CrossRef]

Arabzadeh, S.; Hossein, G.; Zarnani, A.H. Wnt5A exerts immunomodulatory activity in the human ovarian
cancer cell line SKOV-3. Cell Biol. Int. 2016, 40, 177-187. [CrossRef]

Karin, M,; Cao, Y.; Greten, ER.; Li, Z.W. NF-«B in cancer: From innocent bystander to major culprit. Nat. Rev.
Cancer 2002, 2, 301-310. [CrossRef]

Ueda, Y,; Richmond, A. NF-kappaB activation in melanoma. Pigment Cell Res. 2006, 19, 112-124. [CrossRef]
Hoesel, B.; Schmid, J.A. The complexity of NF-«kB signaling in inflammation and cancer. Mol. Cancer 2013,
12, 86. [CrossRef]


http://dx.doi.org/10.1038/sj.bjc.6605174
http://dx.doi.org/10.1038/sj.onc.1208255
http://dx.doi.org/10.1016/S1535-6108(03)00268-X
http://www.ncbi.nlm.nih.gov/pubmed/11809689
http://dx.doi.org/10.18632/oncotarget.24761
http://www.ncbi.nlm.nih.gov/pubmed/29765514
http://dx.doi.org/10.1002/jcp.24566
http://www.ncbi.nlm.nih.gov/pubmed/24464650
http://dx.doi.org/10.1038/sj.onc.1208370
http://www.ncbi.nlm.nih.gov/pubmed/15735754
http://dx.doi.org/10.18632/oncotarget.16559
http://www.ncbi.nlm.nih.gov/pubmed/28380463
http://dx.doi.org/10.1158/1078-0432.CCR-07-5104
http://dx.doi.org/10.1158/0008-5472.CAN-06-2359
http://dx.doi.org/10.1200/JCO.2005.02.2871
http://dx.doi.org/10.1093/carcin/bgl255
http://dx.doi.org/10.1038/onc.2009.496
http://www.ncbi.nlm.nih.gov/pubmed/20101234
http://dx.doi.org/10.3390/cancers7030868
http://www.ncbi.nlm.nih.gov/pubmed/26393652
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1002/jcp.25687
http://www.ncbi.nlm.nih.gov/pubmed/27859213
http://dx.doi.org/10.18632/oncotarget.11874
http://www.ncbi.nlm.nih.gov/pubmed/27608847
http://dx.doi.org/10.1159/000346843
http://dx.doi.org/10.1002/cbin.10551
http://dx.doi.org/10.1038/nrc780
http://dx.doi.org/10.1111/j.1600-0749.2006.00304.x
http://dx.doi.org/10.1186/1476-4598-12-86

Cells 2019, 8, 1060 20 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Werner, S.L.; Barken, D.; Hoffmann, A. Stimulus specificity of gene expression programs determined by
temporal control of IKK activity. Science 2005, 309, 1857-1861. [CrossRef] [PubMed]

Picco, M.E.; Castro, M.V.; Quezada, M.].; Barbero, G.; Villanueva, M.B.; Fernandez, N.B.; Kim, H.;
Lopez-Bergami, P. STAT3 enhances the constitutive activity of AGC kinases in melanoma by transactivating
PDK1. Cell Biosci. 2019, 9, 3. [CrossRef] [PubMed]

Ferndndez, N.B.; Lorenzo, D.; Picco, M.E.; Barbero, G.; Dergan-Dylon, L.S.; Marks, M.P,; Garcia-Rivello, H.;
Gimenez, L.; Labovsky, V.; Grumolato, L.; et al. ROR1 contributes to melanoma cell growth and migration by
regulating N-cadherin expression via the PI3K/Akt pathway. Mol. Carcinog. 2016, 55, 1772-1785. [CrossRef]
[PubMed]

DeMorrow, S.; Francis, H.; Gaudio, E.; Venter, J.; Franchitto, A.; Kopriva, S.; Onori, P.; Mancinelli, R.;
Frampton, G.; Coufal, M; et al. The endocannabinoid anandamide inhibits cholangiocarcinoma growth via
activation of the noncanonical Wnt signaling pathway. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 295,
G1150-8. [CrossRef] [PubMed]

Li, L.; Mao, J.; Sun, L.; Liu, W.; Wu, D. Second cysteine-rich domain of Dickkopf-2 activates canonical Wnt
signaling pathway via LRP-6 independently of dishevelled. ]. Biol. Chem. 2002, 277, 5977-5981. [CrossRef]
[PubMed]

Liu, G.; Bafico, A.; Aaronson, S.A. The mechanism of endogenous receptor activation functionally
distinguishes prototype canonical and noncanonical Wnts. Mol. Cell. Biol. 2005, 25, 3475-3482. [CrossRef]
Lopez-Bergami, P; Huang, C.; Goydos, ].S.; Yip, D.; Bar-Eli, M.; Herlyn, M.; Smalley, K.S.; Mahale, A.;
Eroshkin, A.; Aaronson, S.; et al. Rewired ERK-JNK signaling pathways in melanoma. Cancer Cell 2007, 11,
447-460. [CrossRef]

Smale, S.T. Beta-galactosidase assay. Cold Spring Harb. Protoc. 2010. [CrossRef]

McCloy, R.A.; Rogers, S.; Caldon, C.E.; Lorca, T.; Castro, A.; Burgess, A. Partial inhibition of Cdk1 in G 2
phase overrides the SAC and decouples mitotic events. Cell Cycle 2014, 13, 1400-1412. [CrossRef]
Christian, F; Smith, E.L.; Carmody, R.J. The Regulation of NF-kB Subunits by Phosphorylation. Cells 2016,
5,12. [CrossRef]

Chen, B.; Dodge, M.; Tang, M.; Lu, J.; Ma, Z; Fan, C.; Wei, S.; Hao, W.; Kilgore, J.; Williams, N.S.; et al. Small
molecule-mediated disruption of Wnt-dependent signaling in tissue regeneration and cancer. Nat. Chem.
Biol. 2009, 5, 100-107. [CrossRef] [PubMed]

Lawrence, T.; Bebien, M,; Liu, G.Y.; Nizet, V.; Karin, M. IKKalpha limits macrophage NF-kappaB activation
and contributes to the resolution of inflammation. Nature 2005, 434, 1138-1143. [CrossRef] [PubMed]
Castro, M.V,; Barbero, G.; Lopez Bergami, P. ROR2 promotes melanoma progression. Unpublished work. 2019.
Whang, YM,; Jo, U,; Sung, ].S.; Ju, H].; Kim, HK,; Park, K.H.; Lee, ]JW.; Koh, L.S.; Kim, Y.H. Wnt5a is
associated with cigarette smoke-related lung carcinogenesis via protein kinase C. PLoS ONE 2013, 8, e53012.
[CrossRef] [PubMed]

Freland, L.; Beaulieu, ].M. Inhibition of GSK3 by lithium, from single molecules to signaling networks. Front.
Mol. Neurosci. 2012, 5, 14. [CrossRef] [PubMed]

Habelhah, H.; Takahashi, S.; Cho, S.G.; Kadoya, T.; Watanabe, T.; Ronai, Z. Ubiquitination and translocation of
TRAF2 is required for activation of JNK but not of p38 or NF-kappaB. EMBO ]. 2004, 23, 322-332. [CrossRef]
Amschler, K.; Schon, M.P; Pletz, N.; Wallbrecht, K.; Erpenbeck, L.; Schon, M. NF-kappaB inhibition through
proteasome inhibition or IKKbeta blockade increases the susceptibility of melanoma cells to cytostatic
treatment through distinct pathways. |. Investig. Dermatol. 2010, 130, 1073-1086. [CrossRef] [PubMed]
Shin, H.M.; Kim, M.H.; Kim, B.H.; Jung, S.H.; Kim, Y.S.; Park, H.].; Hong, J.T.; Min, K.R.; Kim, Y. Inhibitory
action of novel aromatic diamine compound on lipopolysaccharide-induced nuclear translocation of
NF-kappaB without affecting IkappaB degradation. FEBS Lett. 2004, 571, 50-54. [CrossRef]

Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, 5.0.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.;
Larsson, E.; et al. The cBio cancer genomics portal: An open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2012, 2, 401-404. [CrossRef]

Jenei, V,; Sherwood, V., Howlin, ]J.; Linnskog, R.; Sédfholm, A.; Axelsson, L; Andersson, T. A
t-butyloxycarbonyl-modified Wnt5a-derived hexapeptide functions as a potent antagonist of Wnt5a-dependent
melanoma cell invasion. Proc. Natl. Acad. Sci. USA 2009, 106, 19473-19478. [CrossRef]


http://dx.doi.org/10.1126/science.1113319
http://www.ncbi.nlm.nih.gov/pubmed/16166517
http://dx.doi.org/10.1186/s13578-018-0265-8
http://www.ncbi.nlm.nih.gov/pubmed/30622697
http://dx.doi.org/10.1002/mc.22426
http://www.ncbi.nlm.nih.gov/pubmed/26509654
http://dx.doi.org/10.1152/ajpgi.90455.2008
http://www.ncbi.nlm.nih.gov/pubmed/18832445
http://dx.doi.org/10.1074/jbc.M111131200
http://www.ncbi.nlm.nih.gov/pubmed/11742004
http://dx.doi.org/10.1128/MCB.25.9.3475-3482.2005
http://dx.doi.org/10.1016/j.ccr.2007.03.009
http://dx.doi.org/10.1101/pdb.prot5423
http://dx.doi.org/10.4161/cc.28401
http://dx.doi.org/10.3390/cells5010012
http://dx.doi.org/10.1038/nchembio.137
http://www.ncbi.nlm.nih.gov/pubmed/19125156
http://dx.doi.org/10.1038/nature03491
http://www.ncbi.nlm.nih.gov/pubmed/15858576
http://dx.doi.org/10.1371/journal.pone.0053012
http://www.ncbi.nlm.nih.gov/pubmed/23349696
http://dx.doi.org/10.3389/fnmol.2012.00014
http://www.ncbi.nlm.nih.gov/pubmed/22363263
http://dx.doi.org/10.1038/sj.emboj.7600044
http://dx.doi.org/10.1038/jid.2009.365
http://www.ncbi.nlm.nih.gov/pubmed/19940859
http://dx.doi.org/10.1016/j.febslet.2004.06.056
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://dx.doi.org/10.1073/pnas.0909409106

Cells 2019, 8, 1060 21 of 22

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Baarsma, H.A.; Skronska-Wasek, W.; Mutze, K.; Ciolek, E; Wagner, D.E.; John-Schuster, G.; Heinzelmann, K.;
Ginther, A ; Bracke, K.R.; Dagouassat, M.; et al. Noncanonical WNT-5A signaling impairs endogenous lung
repair in COPD. J. Exp. Med. 2017, 214, 143-163. [CrossRef]

Weeraratna, A.T.; Jiang, Y.; Hostetter, G.; Rosenblatt, K.; Duray, P; Bittner, M.; Trent, ]. M. Wntba signaling
directly affects cell motility and invasion of metastatic melanoma. Cancer Cell 2002, 1, 279-288. [CrossRef]
Dissanayake, S.K.; Wade, M.; Johnson, C.E.; O’Connell, M.P; Leotlela, P.D.; French, A.D.; Shah, K.V,;
Hewitt, K.J.; Rosenthal, D.T.; Indig, F.E.; et al. The Wnt5A/protein kinase C pathway mediates motility in
melanoma cells via the inhibition of metastasis suppressors and initiation of an epithelial to mesenchymal
transition. J. Biol. Chem. 2007, 282, 17259-17271. [CrossRef] [PubMed]

Hoek, K.S.; Schlegel, N.C.; Brafford, P.; Sucker, A.; Ugurel, S.; Kumar, R.; Weber, B.L.; Nathanson, K.L.;
Phillips, D.J.; Herlyn, M.; et al. Metastatic potential of melanomas defined by specific gene expression
profiles with no BRAF signature. Pigment Cell Res. 2006, 19, 290-302. [CrossRef] [PubMed]

Lee, G.T.; Kwon, S.J.; Kim, J.; Kwon, Y.S.; Lee, N.; Hong, ].H.; Jamieson, C.; Kim, W.J.; Kim, LY. WNT5A
induces castration-resistant prostate cancer via CCL2 and tumour-infiltrating macrophages. Br. J. Cancer
2018, 118, 670-678. [CrossRef]

Li, S.; Wang, W.; Zhang, N.; Ma, T.; Zhao, C. IL-13 mediates MCP-1 induction by Wnt5a in gastric cancer
cells. BMC Cancer 2014. [CrossRef] [PubMed]

Ekstrom, E.J.; Bergenfelz, C.; von Bulow, V.; Serifler, F; Carlemalm, E.; Jonsson, G.; Andersson, T.;
Leandersson, K. Wnt5a induces release of exosomes containing pro-angiogenic and immunosuppressive
factor from malignant melanoma cells. Mol. Cancer 2014, 13, 88. [CrossRef] [PubMed]

Kumawat, K.; Gosens, R. WNT-5A: Signaling and functions in health and disease. Cell. Mol. Life Sci. 2016,
73,567-587. [CrossRef] [PubMed]

Lee, G.T.; Kang, D.I; Ha, Y.S,; Jung, Y.S.; Chung, J.; Min, K.; Kim, T.H.; Moon, K.H.; Chung, ] M.; Lee, D.H.;
et al. Prostate cancer bone metastases acquire resistance to androgen deprivation via WNT5A-mediated
BMP-6 induction. Br. |. Cancer 2014, 110, 1634-1644. [CrossRef]

Han, B.; Zhou, B,; Qu, Y.,; Gao, B.; Xu, Y,; Chung, S.; Tanaka, H.; Yang, W.; Giuliano, A.E.; Cui, X.
FOXC1-induced non-canonical WNT5A-MMP7 signaling regulates invasiveness in triple-negative breast
cancer. Oncogene 2018, 37, 1399-1408. [CrossRef]

Zeng, R.; Huang, J.; Zhong, M.Z,; Li, L.; Yang, G.; Liu, L.; Wu, Y; Yao, X.; Shi, J.; Wu, Z. Multiple Roles of
WNTB5A in Breast Cancer. Med. Sci. Monit. 2016, 22, 5058-5067. [CrossRef]

Zhan, T.; Rindtorff, N.; Boutros, M. Wnt signaling in cancer. Oncogene 2017, 36, 1461-1473. [CrossRef]
[PubMed]

Fukuda, T.; Chen, L.; Endo, T.; Tang, L.; Lu, D.; Castro, J.E.; Widhopf, G.E, 2nd; Rassenti, L.Z.; Cantwell, M.].;
Prussak, C.E.; et al. Antisera induced by infusions of autologous Ad-CD154-leukemia B cells identify ROR1
as an oncofetal antigen and receptor for Wnt5a. Proc. Natl. Acad. Sci. USA 2008, 105, 3047-3052. [CrossRef]
[PubMed]

Diaz-Horta, O.; Abad, C.; Sennaroglu, L.; Foster, J.; DeSmidt, A.; Bademci, G.; Tokgoz-Yilmaz, S.; Duman, D.;
Cengiz, EB.; Grati, M; et al. ROR1 is essential for proper innervation of auditory hair cells and hearing in
humans and mice. Proc. Natl. Acad. Sci. USA 2016, 113, 5993-5998. [CrossRef] [PubMed]

Zhao, H; Zhao, Y,; Jiang, G.; Zhang, X.; Zhang, Y.; Dong, Q.; Luan, L.; Papavassiliou, P.; Wang, E.; Wang, E.
Dishevelled-3 activates p65 to upregulate p120-catenin transcription via a p38-dependent pathway in
non-small cell lung cancer. Mol. Carcinog. 2015, 54, 112-121. [CrossRef] [PubMed]

Anastas, ].N.; Kulikauskas, R.M.; Tamir, T.; Rizos, H.; Long, G.V.; von Euw, EM.; Yang, P.T.; Chen, HW.;
Haydu, L.; Toroni, R.A.; et al. WNT5A enhances resistance of melanoma cells to targeted BRAF inhibitors. J.
Clin. Investig. 2014, 124, 2877-2890. [CrossRef] [PubMed]

Dhawan, P,; Singh, A.B.; Ellis, D.L.; Richmond, A. Constitutive activation of Akt/protein kinase B in melanoma
leads to up-regulation of nuclear factor-kappaB and tumor progression. Cancer Res. 2002, 62, 7335-7342.
[PubMed]

Hussain, A.; Ahmed, S.; Ahmed, M.; Khan, O.; AbdulMohsen, S.; Platanias, L.; Al-Kuraya, K.S.; Uddin, S.
Cross-Talk between NFkB and the PI3-Kinase/AKT Pathway Can Be Targeted in Primary Effusion Lymphoma
(PEL) Cell Lines for Efficient Apoptosis. PLoS ONE 2012, 7, €39945. [CrossRef]


http://dx.doi.org/10.1084/jem.20160675
http://dx.doi.org/10.1016/S1535-6108(02)00045-4
http://dx.doi.org/10.1074/jbc.M700075200
http://www.ncbi.nlm.nih.gov/pubmed/17426020
http://dx.doi.org/10.1111/j.1600-0749.2006.00322.x
http://www.ncbi.nlm.nih.gov/pubmed/16827748
http://dx.doi.org/10.1038/bjc.2017.451
http://dx.doi.org/10.1186/1471-2407-14-480
http://www.ncbi.nlm.nih.gov/pubmed/24993819
http://dx.doi.org/10.1186/1476-4598-13-88
http://www.ncbi.nlm.nih.gov/pubmed/24766647
http://dx.doi.org/10.1007/s00018-015-2076-y
http://www.ncbi.nlm.nih.gov/pubmed/26514730
http://dx.doi.org/10.1038/bjc.2014.23
http://dx.doi.org/10.1038/s41388-017-0021-2
http://dx.doi.org/10.12659/MSM.902022
http://dx.doi.org/10.1038/onc.2016.304
http://www.ncbi.nlm.nih.gov/pubmed/27617575
http://dx.doi.org/10.1073/pnas.0712148105
http://www.ncbi.nlm.nih.gov/pubmed/18287027
http://dx.doi.org/10.1073/pnas.1522512113
http://www.ncbi.nlm.nih.gov/pubmed/27162350
http://dx.doi.org/10.1002/mc.22196
http://www.ncbi.nlm.nih.gov/pubmed/25156800
http://dx.doi.org/10.1172/JCI70156
http://www.ncbi.nlm.nih.gov/pubmed/24865425
http://www.ncbi.nlm.nih.gov/pubmed/12499277
http://dx.doi.org/10.1371/journal.pone.0039945

Cells 2019, 8, 1060 22 of 22

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Chen, S.; Chen, W.; Zhang, X,; Lin, S.; Chen, Z. Overexpression of KiSS-1 reduces colorectal cancer cell
invasion by downregulating MMP-9 via blocking PI3K/Akt/NF-kB signal pathway. Int. . Oncol. 2016, 48,
1391-1398. [CrossRef]

Gu, Y,; Liu, H.; Kong, F; Ye, J.; Jia, X,; Zhang, Z.; Li, N.; Yin, J.; Zheng, G.; He, Z. miR-22/KAT6B axis is a
chemotherapeutic determiner via regulation of PI3k-Akt-NF-kB pathway in tongue squamous cell carcinoma.
J. Exp. Clin. Cancer Res. 2018, 37, 164. [CrossRef]

Madrid, L.V.; Mayo, M.W.; Reuther, ].Y.; Baldwin, A.S. Akt stimulates the transactivation potential of
RelA/p65 subunit of NF-«kB through the utilization of IkB kinase and activation of the mitogen-activated
protein kinase p38. J. Biol. Chem. 2001, 276, 18934-18940. [CrossRef]

Dan, H.C.; Cooper, M.].; Cogswell, P.C.; Duncan, J.A,; Ting, ].P.; Baldwin, A.S. Akt-dependent regulation of
NEF-{kappa}B is controlled by mTOR and Raptor in association with IKK. Genes. Dev. 2008, 22, 1490-1500.
[CrossRef] [PubMed]

Hayden, M.S.; Ghosh, S. Shared principles in NF-kappaB signaling. Cell 2008, 132, 344-362. [CrossRef]
[PubMed]

Kanarek, N.; London, N.; Schueler-Furman, O.; Ben-Neriah, Y. Ubiquitination and degradation of the
inhibitors of NF-kappaB. Cold Spring Harb. Perspect. Biol. 2010, 2, a000166. [CrossRef] [PubMed]

Kim, J.; Kim, J.; Kim, D.W,; Ha, Y;; Thm, M.H.; Kim, H.; Song, K.; Lee, I. Wnt5a induces endothelial
inflammation via beta-catenin-independent signaling. J. Immunol. 2010, 185, 1274-1282. [CrossRef]
[PubMed]

Kim, J.; Chang, W.; Jung, Y.; Song, K.; Lee, I. Wnt5a activates THP-1 monocytic cells via a 3-catenin-independent
pathway involving JNK and NF-«B activation. Cytokine 2012, 60, 242-248. [CrossRef] [PubMed]

Rauner, M.; Stein, N.; Winzer, M.; Goettsch, C.; Zwerina, J.; Schett, G.; Distler, J.H.; Albers, J.; Schulze, J.;
Schinke, T. WNT5A is induced by inflammatory mediators in bone marrow stromal cells and regulates
cytokine and chemokine production. J. Bone Miner. Res. 2012, 575-585. [CrossRef] [PubMed]

Zhao, Y,; Wang, C.L.; Li, RM.; Hou, T.Q.; Su, Y.Y;; Yuan, Q. Wnt5a Promotes Inflammatory Responses via NF-kB
and MAPK Pathways in Human Dental Pulp Cells. |. Biol. Chem. 2014, 289, 21028-21039. [CrossRef] [PubMed]
Landskron, G.; De la Fuente, M.; Thuwajit, P.; Thuwajit, C.; Hermoso, M.A. Chronic inflammation and
cytokines in the tumor microenvironment. . Immunol. Res. 2014, 2014, 149185. [CrossRef]

Masjedi, A.; Hashemi, V.; Hojjat-Farsangi, M.; Ghalamfarsa, G.; Azizi, G.; Yousefi, M.; Jadidi-Niaragh, F. The
significant role of interleukin-6 and its signaling pathway in the immunopathogenesis and treatment of
breast cancer. Biomed. Pharmacother. 2018, 108, 1415-1424. [CrossRef] [PubMed]

Nagarsheth, N.; Wicha, M.S.; Zou, W. Chemokines in the cancer microenvironment and their relevance in
cancer immunotherapy. Nat. Rev. Immunol. 2017, 17, 559-572. [CrossRef] [PubMed]

Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41,
49-61. [CrossRef] [PubMed]

Wu, L.; Saxena, S.; Awaji, M.; Singh, R.K. Tumor-Associated Neutrophils in Cancer: Going Pro. Cancers
(Basel) 2019, 11, 564. [CrossRef] [PubMed]

Hugo, W.; Zaretsky, ].M.; Sun, L.; Song, C.; Moreno, B.H.; Hu-Lieskovan, S.; Berent-Maoz, B.; Pang, J.;
Chmielowski, B.; Cherry, G. Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in
Metastatic Melanoma. Cell 2016, 165, 35-44. [CrossRef] [PubMed]

Katoh, M.; Katoh, M. Transcriptional mechanisms of WNT5A based on NF-kappaB, Hedgehog, TGFbeta,
and Notch signaling cascades. Int. |. Mol. Med. 2009, 23, 763-769. [CrossRef] [PubMed]

Dissanayake, S.K.; Olkhanud, P.B.; O’Connell, M.P;; Carter, A.; French, A.D.; Camilli, T.C.; Emeche, C.D.;
Hewitt, K.J.; Rosenthal, D.T.; Leotlela, P.D. Wnt5A regulates expression of tumor-associated antigens in
melanoma via changes in signal transducers and activators of transcription 3 phosphorylation. Cancer Res.
2008, 68, 10205-10214. [CrossRef]

Linnskog, R.; Mohapatra, P.; Moradi, F,; Prasad, C.P.; Andersson, T. Demonstration of a WNT5A-IL-6 positive
feedback loop in melanoma cells: Dual interference of this loop more effectively impairs melanoma cell
invasion. Oncotarget 2016, 7, 37790-37802. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3892/ijo.2016.3368
http://dx.doi.org/10.1186/s13046-018-0834-z
http://dx.doi.org/10.1074/jbc.M101103200
http://dx.doi.org/10.1101/gad.1662308
http://www.ncbi.nlm.nih.gov/pubmed/18519641
http://dx.doi.org/10.1016/j.cell.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18267068
http://dx.doi.org/10.1101/cshperspect.a000166
http://www.ncbi.nlm.nih.gov/pubmed/20182612
http://dx.doi.org/10.4049/jimmunol.1000181
http://www.ncbi.nlm.nih.gov/pubmed/20554957
http://dx.doi.org/10.1016/j.cyto.2012.06.013
http://www.ncbi.nlm.nih.gov/pubmed/22763043
http://dx.doi.org/10.1002/jbmr.1488
http://www.ncbi.nlm.nih.gov/pubmed/22162112
http://dx.doi.org/10.1074/jbc.M113.546523
http://www.ncbi.nlm.nih.gov/pubmed/24891513
http://dx.doi.org/10.1155/2014/149185
http://dx.doi.org/10.1016/j.biopha.2018.09.177
http://www.ncbi.nlm.nih.gov/pubmed/30372844
http://dx.doi.org/10.1038/nri.2017.49
http://www.ncbi.nlm.nih.gov/pubmed/28555670
http://dx.doi.org/10.1016/j.immuni.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25035953
http://dx.doi.org/10.3390/cancers11040564
http://www.ncbi.nlm.nih.gov/pubmed/31010242
http://dx.doi.org/10.1016/j.cell.2016.02.065
http://www.ncbi.nlm.nih.gov/pubmed/26997480
http://dx.doi.org/10.3892/ijmm_00000190
http://www.ncbi.nlm.nih.gov/pubmed/19424602
http://dx.doi.org/10.1158/0008-5472.CAN-08-2149
http://dx.doi.org/10.18632/oncotarget.9332
http://www.ncbi.nlm.nih.gov/pubmed/27191257
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Cell Culture 
	Constructs 
	Western Blotting 
	Luciferase Assays 
	Cell Fractioning 
	Cytokine Array 
	ELISA 
	Immunofluorescence 
	Bioinformatics Analysis 
	Statistics 

	Results 
	Wnt5a Induces p65 Phosphorylation in Melanoma 
	ROR1, Dvl2, and Akt are Required for Wnt5a-Dependent Activation of NF-B 
	Wnt5a Activates Canonical Components of the NF-B Pathway 
	Wnt5a-Induced NF-B Transcriptional Activity 
	Wnt5a Induced Secretion of Cytokines and Chemokines by Melanoma Cells 
	Melanoma Cells Present a Wnt5a Autocrine Circuit to Activate NF-B 

	Discussion 
	References

