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ABSTRACT

Extensive research has demonstrated a tumor-promoting role of increased WNT5A expres-
sion in malignant melanoma. However, very little light has been shed upon how WNT5A
expression is up-regulated in melanoma. A potential regulator of WNT5A expression is
the pro-inflammatory cytokine Interleukin (IL)-6, which shares the ability of WNT5A to in-
crease melanoma cell invasion. Here, we investigate whether IL-6 can promote melanoma
cell motility through an increased expression of WNT5A. We clearly demonstrate that the
WNTS5A-antagonistic peptide Box5 could inhibit IL-6-induced melanoma cell migration and
invasion. Furthermore, IL-6 stimulation of the human melanoma cell lines HTB63 and A375
increased the expression of WNT5A in a dose-dependent manner. To identify the signaling
mechanism responsible for this up-regulation, we explored the involvement of the three
main signals induced by IL-6; STAT3, Akt and ERK 1/2. Of these, only STAT3 was activated
by IL-6 in the melanoma cell lines tested. However, the STAT3 inhibitor S3I-201 failed to
inhibit IL-6-induced WNT5A up-regulation in HTB63 and A375 cells. Nor did STAT3 siRNA
silencing affect the expression of WNT5A. In search of an alternative signaling mechanism,
we detected IL-6-induced activation of p38-MAPK in HTB63 and A375 cells. The p38-MAPK
inhibitor SB203580 abolished the IL-6-induced WNTSA up-regulation and blocked IL-6-
induced melanoma cell invasion. The latter effect could be rescued by the addition of re-
combinant WNTSA. Notably, immunoprecipitation analysis revealed that only the p38a-
MAPK isoform was activated by IL-6, and subsequent siRNA silencing of p38a-MAPK abol-
ished the IL-6-induced up-regulation of WNTSA. Taken together, we demonstrate a novel
link between the two melanoma pro-metastatic agents IL-6 and WNT5A explaining how
IL-6 can increase melanoma cell invasion and thus promote the metastatic process. This
finding provides a basis for future therapeutic intervention of melanoma progression.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

Abbreviations: WNT5A, wingless-type mammary tumor virus integration site family member 5A; ERK1/2, extracellular-signal-regu-
lated kinases 1 and 2; p38-MAPK, p38 mitogen-activated protein kinase.
* Corresponding author. Tel.: +46 040 391167.
E-mail address: tommy.andersson@med.lu.se (T. Andersson).
http://dx.doi.org/10.1016/j.molonc.2014.05.008
1574-7891/© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Cutaneous melanoma is one of the fastest growing forms of
cancer. Although highly curable at an early stage, once the tu-
mor reaches stages synonymous with distant metastases, the
median survival is dramatically decreased to 6—9 months
(Tarhini and Agarwala, 2006). In an effort to identify genes
whose dysregulation could be linked with the invasive capa-
bility of melanoma cells, Bittner et al. published the discovery
of several markers that could potentially contribute to the
highly metastatic nature of the disease. In particular, high
transcription levels of the WNT-gene family member WNT5A
were observed to correlate with increased invasiveness of
the melanoma cells (Bittner et al., 2000). This correlation
was later confirmed, and WNT5A was shown to directly affect
melanoma cell motility and invasion (Weeraratna et al., 2002).

In numerous studies of different tumor cells, WNT5A has
been characterized as a non-canonical WNT ligand, meaning
that it elicits intracellular B-catenin-independent signaling,
including the activation of small GTPases, such as Rho, Rac
and Cdc42, and of calcium (Ca")-dependent proteins such
as PKC (Camilli and Weeraratna, 2010; Jenei et al., 2009;
Kikuchi et al., 2012; Prasad et al., 2013). Recently, however,
Grossmann et al. demonstrated the ability of WNT5A to in-
crease B-catenin signaling in a subset of melanoma cells
(Grossmann et al., 2013). This sometimes ambiguous and
highly complex signaling downstream of WNTS5A is controlled
and orchestrated by a plethora of different WNT-receptors
and co-receptors, including members of the Frizzled-family,
ROR1, ROR2 and RYK (Kikuchi et al., 2012; O’Connell et al,,
2013; O’Connell and Weeraratna, 2009), and most recently,
LRP6 (Grossmann et al., 2013).

For more than a decade, the consequences of increased
WNTS5A expression in melanoma have been thoroughly stud-
ied, resulting in a deeper understanding of the mechanisms
through which WNT5A can drive cell migration and invasion
(Dissanayake et al., 2007; O’Connell et al., 2010; Weeraratna
et al.,, 2002; Witze et al., 2013). However, despite this overall
consensus regarding WNTS5A’s tumor-promoting role, very lit-
tle is known about how the expression of WNTS5A is regulated.
We have previously demonstrated that the cytokine tumor
growth factor Bl (TGFB1) can positively regulate the expres-
sion of WNT5A in melanoma cells (Jenei et al., 2009). Interest-
ingly, in cardiomyocytes, two cytokines of the IL-6-family,
leukemia inhibitory factor (LIF) and cardiotrophin-1 (CT-1),
were shown to increase the expression of WNT5A through a
STAT3-dependent mechanism (Fujio et al., 2004). These re-
sults emphasize the importance of extracellular cues in the
control of WNTS5A expression, and it is reasonable to speculate
that other cytokines of the IL-6 family could have the same
regulatory effects.

The pro-inflammatory cytokine IL-6 (Heinrich et al., 1998)
is one of these potential candidates. In melanoma, IL-6 is of
particular importance, as its level of expression is increased
during the progression of the disease and is correlated with
reduced overall patient survival (Hoejberg et al, 2012;
Moretti et al., 1999). The tumor-promoting role of IL-6 was
initially attributed to its regulation of cell proliferation and
survival; however, more recent studies have highlighted the

ability of IL-6 to drive melanoma cell invasion (Kushiro et al.,
2012; Sanz-Moreno et al., 2011). The increased level of IL-6 is
believed to originate directly from the tumor cells, and
in vitro ELISA-based analysis of melanoma cells has revealed
that some cell lines can produce and secrete IL-6 in concentra-
tions exceeding 10 ng/ml (Dissanayake et al., 2008). After
secretion, IL-6 signals through a transmembrane receptor
complex, consisting of glycoprotein 130 (gp130) and IL-6-
receptor o (IL-6Ra). While gp130 is expressed in all cell types,
the expression of IL-6Ra is mainly restricted to hepatocytes
and various inflammatory cells (Eulenfeld et al., 2012). Howev-
er, during melanoma progression, the tumor cells can initiate
the expression of IL-6Ra, enabling an autocrine or paracrine
function of IL-6 in melanoma (Moretti et al., 1999). These re-
sults highlight the important role of IL-6 in the progression
of the disease. Binding of IL-6 to the receptor complex elicits
different cellular responses, many of which are controlled by
the activation of transcription factors of the STAT-family.
However, under circumstances regulated by the phosphoryla-
tion status within gp130, IL-6 can also initiate activation of the
PI3K/Akt and Ras/Raf/ERK1/2-signaling pathways. Although it
is able to activate several different signaling pathways, most
of the cellular responses induced by IL-6 are considered to
be downstream of the activation of STAT3 (Eulenfeld et al,,
2012).

The transcription factor STAT3 is constitutively activated
in several types of cancer, and it can control the transcription
of multiple target genes and thereby regulate several tumori-
genic hallmarks, such as cell proliferation, apoptosis and
metastasis (Johnston and Grandis, 2011). In melanoma,
increased STAT3 activity was detected in brain metastases
compared to primary melanoma specimens. Further exami-
nation revealed the ability of STAT3 to promote tumor inva-
sion via the transcriptional regulation of matrix
metalloproteinase-2 (MMP-2) (Xie et al., 2006). Although
MMP-2 is regarded as one of the key regulators of melanoma
metastasis, it is likely that the metastatic process also de-
pends on the regulation of other STAT3 target genes. Interest-
ingly, the WNT5A gene has been shown to contain STAT3
binding sites (Katoh and Katoh, 2005, 2007).

In this study, we report that IL-6-induced melanoma cell
motility is mediated through an up-regulation of WNT5A. Sur-
prisingly, however, we demonstrate that IL-6 can increase the
expression of WNT5A independently of STAT3. Instead, we
demonstrate a key role of p38x¢-MAPK activation in the IL-6
induced expression of WNT5A. Our results demonstrate a
novel regulatory mechanism of WNTS5A expression that
potentially can be targeted to prevent melanoma metastasis.

2. Materials and methods
2.1. Cell culture and treatment

The human melanoma cell line WM852 was obtained from the
Wistar Institute, whereas the HTB63, A375 and A2058 cell lines
were purchased from ATCC. These cell lines harbor known
recurrent melanoma-related mutations that affect the RAS/
RAF/MEK/ERK (WM852: NRAS®'®; HTB63: BRAFVS?F; A37S:
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BRAFV69%E; A2058: BRAFV®%F) and the PI3K/Akt (WM852: PTEN
del; HTB63: PTEN del; A2058: PTEN del) signaling pathways.
All cell lines were regularly tested for their absence of myco-
plasma contamination (EZ-PCR kit by Biological Industries).
The cells were grown in RPMI-1640 (WM852), McCoy’s 5A
(HTB63) and DMEM media (A375 and A2058), which were sup-
plemented with 10% FBS, 1 U/ml penicillin, 1 ug/ml strepto-
mycin and 2 mM t-glutamine. All cell lines were routinely
serum starved in 1% FBS-supplemented media for approxi-
mately 24 h prior to each experiment. In treatments where
either the STAT3 inhibitor S3I-201 (Sigma; 100 pM) or the
p38-MAPK inhibitor SB203580 (Sigma; 10 pM) were used in
combination with IL-6, the cells were always pre-treated
with the indicated inhibitor or DMSO alone for 2 h prior to
any further treatments. The final concentration of DMSO
never exceeded 0.4% (V/v).

2.2. Cell migration

Following serum starvation, the cells were detached with Ver-
sene and resuspended in cell media supplemented with 1%
FBS; the cell concentration was then calculated using an auto-
mated cell counter (Countess™, Invitrogen). At the start of
each experiment, 50,000 cells were suspended in 0.5 ml low
serum media (only supplemented with 1% FBS) and added to
cell culture inserts (BD Bioscience) with 8-um pore-size mem-
branes in the absence or presence of recombinant IL-6 (Pepro-
tech; 20 ng/ml) and Box5 (Calbiochem; 100 or 500 pM). The
inserts were then placed in a 24-well plate containing 750 pl
cell media supplemented with 10% FBS, and the cells were
allowed to migrate for 24 h at 37 °C in a humidified atmo-
sphere of 5% CO,. The rate of migration was analyzed accord-
ing to a protocol previously published by Broom et al. (Broom
et al., 2009). Briefly, after fixation and staining of the migrated
cells with crystal violet, the membranes were thoroughly
washed in PBS to carefully remove residual staining solution.
The membranes were then excised, the remaining dye was
solubilized using a 10% SDS solution, and the absorbance
was measured at 590 nm.

2.3. Cell invasion

Cell invasion was analyzed using the same protocol as for cell
migration, but with the use of matrigel pre-coated cell culture
inserts (BD Bioscience) with 8-pm pore-size membranes. The
invasive capability was analyzed in the presence or absence
of recombinant IL-6 (20 ng/ml), Box5 (100 uM), SB203580
(Sigma; 10 pM) and recombinant WNT5A (R&D Systems;
0.2 upg/ml). Following siRNA silencing of WNT5A in
HTB63 cells (Supplementary Figure 2A) there was a reduced
number of invaded cells and therefore these experiments
were manually counted using an inverted light microscope
(Nikon TMS) instead of analyzed as described for the migra-
tion method.

2.4. Gelatin-FITC degradation assay
Forty-eight hours post-transfection of HTB63 cells with NC

siRNA (100 nM), WNT5A siRNA #1 (100 nM) or WNT5A siRNA
#2 (100 nM), the cells were detached with Versene and

resuspended in cell media supplemented with 10% FBS; the
cell concentration was then calculated using an automated
cell counter. At the start of each experiment, 15,000 cells
were suspended in 0.5 ml cell media supplemented with 10%
FBS and added to each well of a 8-well glass chamber slide
(BD Bioscience) coated with gelatin-FITC according to the man-
ufacturer’s instructions (#ECM670, Millipore). The cells were
then allowed to degrade the gelatin-FITC coating for 24 h at
37 °C in a humidified atmosphere of 5% CO,. Next, the cells
were fixed with 4% paraformaldehyde, stained with
Phalloidin-TRITC and DAPI and mounted with cover slip
glasses using Fluorescent Mounting Medium (Dako). Four
representative fields of each treatment were captured at 20x
magnification using a confocal microscope (Zeiss LSM 700).
Area of gelatin-FITC degradation (loss of FITC signal) and total
cell area (Phalloidin-TRITC signal) were calculated using the
Image] software (National Institute of Health). The number of
DAPI-stained nuclei were manually counted to ascertain that
an equal number of cells were analyzed for each treatment.

2.5. Western blotting

Sample protein extraction and concentration determination
were performed as previously described (Prasad et al., 2013).
Briefly, equal amounts of total protein (10—15 pg) were pre-
pared in 4x Laemmli buffer and heated to 95 °C for 5 min prior
to loading on an SDS-PAGE gel. After separation and transfer
of the proteins to PVDF membranes, the membranes were
blocked and subsequently probed with the following anti-
bodies: from R&D Systems, anti-WNT5A (1:100); from Cell
Signaling Technology, anti-phospho-STAT3 (Tyr705) (1:1000),
anti-phospho-STAT3 (Ser727) (1:1000), anti-STAT3 (1:2000),
anti-phospho-Akt (1:1000), anti-Akt (1:2000), anti-phospho-
ERK 1/2 (1:1000), anti-ERK 1/2 (1:2000), anti-phospho-p38
MAPK (1:1000), anti-p38« MAPK (1:1000), anti-p38p MAPK
(1:1000), anti-p38y MAPK (1:1000), anti-p385 MAPK (1:1000)
and anti-p38 MAPK (1:1000); from Santa Cruz Biotechnology,
anti-Bcl-2 (1:1000), anti-MMP-9 (1:1000), and anti-a-tubulin
(1:30,000); and from Abcam, anti-c-Myc (1:5000) and anti-B-
actin (1:30,000). After washing, the membranes were incu-
bated with either secondary rabbit anti-goat or goat anti-
rabbit/mouse HRP-conjugated antibodies (Dako). Following a
second wash, the separated protein bands were visualized us-
ing Immobilon™ Western Chemiluminescence HRP substrate
(Millipore) and imaged and analyzed using the ChemiDoc™
imaging system (Bio-Rad). Densitometric quantifications of
relative protein expression were carried out by calculating
the band volume intensity using the Image Lab 3.0 software
(Bio-Rad).

2.6. siRNA transfections

Transient siRNA transfections were performed with the Lipo-
fectamine 2000 reagent (Invitrogen), according to the manu-
facturer’s instructions. The following siRNA oligonucleotides
were used: from Invitrogen, anti-WNT5A siRNA #1 (s14871,
100 nM), anti-WNT5A siRNA #2 (s14872; 100 nM), anti-STAT3
siRNA (s743; 50 nM), Negative Control siRNA #1 (#4390843;
100 and 50 nM, respectively) and from Thermo Scientific,
p38a-MAPK ON-TARGETplus® SMARTpool siRNA (#L-003512-
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00; 50 nM), p38B-MAPK ON-TARGETplus® SMARTpool siRNA
(#1.-003972-00; 50 nM) and Negative Control ON-TARGETplus®
siRNA (#D-001810-01; 50 nM). After 5 h, the transfection com-
plex was replaced with fresh cell media supplemented with
10% FBS, and the cells were subsequently allowed to grow
for 48 or 72 h prior to analysis or further treatment.

2.7. 5-Aza-2'-deoxycytidine treatment

A2058 cells incubated in DMEM supplemented with 10% FBS,
1 U/ml penicillin, 1 pg/ml streptomycin and 2 mM L-glutamine
were treated with DMSO alone or 5-Aza-2'-deoxycytidine (5-
Aza; 5 uM; Sigma) in 6-well plates for 48 h. The cell medium
was replaced after 24 h to provide the cells with fresh 5-Aza.
After the treatment, cells were washed in PBS and RNA was
extracted as described below.

2.8. RNA extraction, reverse transcriptase PCR and
quantitative real-time PCR

RNA was extracted using the RNeasy Plus kit (Qiagen) accord-
ing to the manufacturer’s instructions. Equal amounts (1 pg) of
RNA from each sample were used for cDNA synthesis using
random primers and M-MuLV reverse transcriptase enzyme
(Thermo Scientific). QPCR analysis was carried out on a Strata-
gene Mx3005P system (Agilent Technologies) using Maxima
SYBR Green/Rox, according to the manufacturer’s instructions
(Thermo Scientific). For sample loading control, GAPDH, hypo-
xanthine phosphoribosyltransferase 1 (HPRT1) and TATA-binding
protein (TBP) were tested, and TBP was found to be the most
evenly expressed among the different melanoma cell lines
used. Furthermore, the expression of TBP remained un-
changed throughout all the treatments. The primers used
were as follows: WNTS5A-Fw (5-TCAGGACCACATGCAGTA-
3), WNT5A-Rv (5-CTCATGGCGTTCACCACC-3'), TBP-Fw (5'-
GACTCTCACAACTGCACCCTTGCC-3'), and TBP-Rv (5-
TTTGCAGCTGCGGTACAATCCCAG-3').

2.9. Immunoprecipitation of phosphorylated p38-MAPK
isoforms

To determine the p38-MAPK isoform (s) activated by recombi-
nant IL-6 treatment, the p38 MAPK Isoform Activation Anti-
body Sampler Kit (#9790, Cell Signaling) was used. Prior to
immunoprecipitation, HTB63 cells were serum starved and
treated with carrier (0.1% BSA in PBS) or recombinant IL-6
(20 ng/ml) for 30 min at 37 °C in a humidified atmosphere of
5% CO,. The cells were then washed in cold PBS and lyzed
(at 4 °C) in Assay/Lysis Buffer (#240102, Cell Biolabs) supple-
mented with phosphatase (PhoSTOP, Roche) and protease in-
hibitors (cOmplete Mini, Roche). The lysates were centrifuged
(14,000x g, 5 min, 4 °C) and the supernatants were collected
and analyzed for protein concentration using the Pierce®
BCA Protein Assay kit (Thermo Scientific). Next, the superna-
tants were adjusted to equal concentrations, pre-cleared
with unconjugated protein ¢ agarose beads (30 min, 4 °C),
centrifuged (14,000x g, 1 min, 4 °C) and a sample from each su-
pernatant was stored for Western blot analysis of equal
loading. The remaining adjusted and pre-cleared superna-
tants were thoroughly mixed with anti-phospho-p38 MAPK

(Thr180/Tyr182) (1:400) or rabbit control IgG and protein ¢
agarose beads; the immunoprecipitation was then performed
overnight at 4 °C with gentle rocking. Following immunopre-
cipitation, the beads in each sample were centrifuged
(3000x g, 30 s, 4 °C), washed, and resuspended in 2x Laemmli
buffer. After heating to 95 °C for 5 min under reducing condi-
tions, equal volumes from each sample were loaded onto 10%
SDS-PAGE gels, separated and finally transferred to PVDF
membranes. Western blot analyses (described above) of these
membranes were then carried out in parallel to detect the
relative content of p38-MAPK isoforms (o, B, vy and ) or the
loading controls a-tubulin and total p38-MAPK.

2.10. Statistical analysis

Statistical analysis was performed with the GraphPad Prism
5.0 software. Significant differences between two groups
were determined by Student’s t test and between multiple
groups using analysis of variance (ANOVA). Analyses
comparing the dose-dependent expression of WNT5A were
checked for significance after ANOVA using a Dunnett’s mul-
tiple comparison test. All other multiple group analyses were
checked for significance after ANOVA using a Bonferroni’s
multiple comparison test. All data are expressed as the
means + S.E.M and were considered to be significant if the p
value was less than 0.05.

3. Results

3.1. The WNT5A-antagonistic peptide Box5 inhibits IL-
6-induced melanoma cell migration in HTB63 and A375 cells

We previously reported that a WNT5A-derived and t-butylox-
ycarbonyl-modified hexapeptide (Box5) could block WNT5A-
induced cellular responses (Jenei et al., 2009; Sherwood
et al., 2013), including migration and invasion of melanoma
cells (Jenei et al., 2009). To explore if IL-6-induced melanoma
cell motility is dependent on up-regulation of WNT5A, we
assessed the effects of the Box5 peptide on IL-6-induced
migration in four different melanoma cell lines; WM852,
HTB63, A375 and A2058. Interestingly, stimulating HTB63
and A375 cells with recombinant IL-6 led to a significant in-
crease in cell migration, an effect that could be reduced by
co-treating the cells with Box5 (Figure 1B and C). Using the
same experimental set-up we found no changes in the migra-
tory capacity of WM852 and A2058 cells after treatment with
either recombinant IL-6 alone or in combination with Box5
(Figure 1A and D). These findings were tested by analyzing
how IL-6 affected the infiltrating capacity of invasive HTB63
cells through a reconstituted basement membrane. In support
of previous results, the IL-6-induced invasiveness was almost
completely abolished after co-treatment with Box5
(Supplementary Figure 1). Our results confirm previous find-
ings that IL-6 induces melanoma cell motility, but also
demonstrate the presence of melanoma cells whose ability
to migrate is not affected by the cytokine. Most interestingly,
however, our results suggest that regulation of WNT5A
expression could play an important role in IL-6-induced mel-
anoma cell motility.
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Figure 1 — The WNT5A-antagonistic peptide Box5 inhibits IL-6-induced melanoma cell migration. (A—D) The panels show transwell migration
assay results of human WMS852, HTB63, A375 and A2058 melanoma cells treated with either Carrier (0.1% BSA in PBS) alone or recombinant IL-
6 (20 ng/ml) in the absence or presence of Box5 (100 pM). The migration assays were performed over 24 h (n = 4) and analyzed as described in
Materials and methods. The results are given as means and S.E.M; *, p < 0.05; *, p < 0.01.

3.2. Detection of endogenous WNT5A expression in
human melanoma cell lines

To investigate the potential ability of IL-6 to regulate WNT5A
expression, we intended to analyze the level of endogenous
WNTS5A expression in the four melanoma cell lines, studied in
Figure 1, using a commercially available polyclonal antibody
from R&D Systems. Initially, we were confused by the detection
of two distinct protein bands at approximately 40-kDa in the
WNTSA expressing cell line HTB63 (Figure 2A; Jenei et al,
2009). Because WNTS5A has a theoretical molecular weight of
approximately 38 kDa and is also subjected to palmitoylation
and glycosylation (Kurayoshi et al., 2007), any or both of the
two distinct bands of approximately 40-kDa could potentially
represent WNT5A. We therefore investigated the effect of
siRNA interference on the endogenous WNTSA expression in
HTB63 cells, using two different anti-WNT5A siRNA oligos.
Western blot analysis of the cell lysates 48 and 72 h post-
transfection revealed a significantly reduced expression of the
upper protein band (Figure 2A) that correlated with the down-
regulation of WNT5A mRNA expression (Figure 2B). Further-
more, when recombinant WNT5A was added to the MDA-468
cell lysate, lacking an endogenous expression of WNT5A

(Safholm 2006), this resulted in the addition of a prominent
band perfectly aligned with the upper band from the other
cell lysates (Figure 2A). In a functional assay we found that
the two anti-WNT5A siRNA oligos independently impaired the
invasive capacity of HTB63 cells, as demonstrated by their
reduced ability to infiltrate a Matrigel-coated membrane
(Supplementary Figure 2A) as well as their ability to enzymati-
cally degrade the reconstituted extracellular matrix component
collagen (gelatin; Supplementary Figure 2B). Consequently, the
upper band of approximately 45 kDa represents WNT5A and its
expression correlates with the invasive properties of HTB63
cells. The analysis of WNT5A protein expression in the four
melanoma cell lines used in Figure 1 revealed that WM852,
HTB63 and A375 cells all express WNT5A, although at different
levels (Figure 2C). In agreement, a higher concentration of Box5
(500 uM) was required to reduce the basal migration of WM852
cells (Supplementary Figure 3) as compared to the lower con-
centration (100 uM) needed to reduce the basal migration of
HTB63 cells (Jenei et al., 2009). In contrast to WM852, HTB63
and A375 cells, A2058 cells did not exhibit a detectable level of
WNTS5A protein expression (Figure 2C). In good agreement,
the relative intensities of the upper band correlated well with
the WNT5A mRNA expression levels of the different melanoma
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Figure 2 — Analysis of endogenous WNT5A expression levels in melanoma cell lines. (A) Western blot analysis showing siRNA silencing of
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following transfection with either WNT5A siRNA #1 or WNT5A siRNA #2. Recombinant WNT5A (rW5A) was used as a positive control and
was resuspended in the lysate from the WNT5A-negative human breast cancer cell line MDA-468. The lower panel shows densitometric analyses
of the siRNA effects on WNTS5A protein expression normalized against B-actin (n = 4). (B) qPCR analysis of WNT54 mRNA expression in
HTB63 cells treated as described in (A). The relative WNT54 mRNA expression level was normalized against TATA-binding protein (TBP) mRNA
expression (n = 4). (C) Western blot analysis showing the levels of endogenous WNT5A protein expression in the human melanoma cell lines
WMS852, HTB63, A375 and A2058. o-tubulin was used to ensure equal loading of all samples. A representative blot from four separate
experiments is shown. (D) qPCR analysis of endogenous WNT54 mRNA expression levels in human WM852, HTB63, A375 and A2058 cells.
Samples were normalized against the mRNA of the housekeeping gene TBP. The results are presented as relative to WNT54 mRNA expression of
WMS8S52 cells (n = 3). The results are given as means and S.E.M; **, p < 0.001.

cell lines (Figure 2D), thus supporting that the upper protein Accordingly, we found robust increases in WNT5A mRNA in

band detected in the cell lysates was indeed WNT5A. HTB63 and A375 cells, but not in WM852 and A2058 cells

(Figure 3B). Furthermore, stimulation of HTB63 and A375 cells
3.3. IL-6 can positively regulate the expression of with recombinant IL-6 at concentrations as low as 2 ng/ml for
WNTS5A protein and mRNA 24 h resulted in distinct but small increases in WNTS5A protein

expression in both cell lines, although less pronounced than
Havingascertained the specific detection of the WNT5A protein that observed with 20 ng/ml (Figure 3C and D). No further in-

(Figure 2A), we then treated all the cell lines within the panel crease in WNTS5A expression was observed even after stimula-
with recombinant IL-6 (20 ng/ml) for 24 h to study its effects tion with 50 ng/ml (data not shown). Hence, 20 ng/ml was used
on WNTS5A expression. Western blot analysis revealed a prom- in all further experiments. The fact that we could not detect any

inentincrease of WNTS5A protein expression in both HTB63 and WNT5A protein expression in neither un-stimulated nor re-
A375 cells, whereas WNT5A expression in WM852 and A2058 combinant IL-6 stimulated A2058 cells (Figure 3A) could imply
cells was unaffected (Figure 3A). These results were further that the WNT5A promoter is silenced by methylation as
validated by gPCR analysis of the WNT5A mRNA expression. demonstrated to be the case in a subpopulation of colon
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Figure 3 — Effects of recombinant IL-6 stimulation on WNT5A protein and WNT54 mRNA expression. (A) Western blot analysis of WNT5A
expression in the human melanoma cell lines WM852, HTB63, A375 and A2058, which were treated as indicated in the figure with Carrier (0.1%
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described in (A). The samples were normalized according to the expression of the housekeeping gene TATA-binding protein (IBP). The IL-6-
induced effects were presented as relative to the Carrier treated cells in the same experiment (n = 4). (C—D), Western blot analysis of WNT5A

expression in HTB63 and A375 cells treated with either Carrier or recombinant IL-6 (2 or 20 ng/ml). Densitometric analyses were performed, and

the data were then normalized against o-tubulin used as a loading control (HTB63, n = 5; A375, n = 4). The results are given as means and

S.EM;*, p < 0.05;*, p < 0.01*, p < 0.001.

cancers (Yingetal., 2008). The demonstration that treatment of
A2058 cells with the de-methylating agent 5-Aza increased
WNT5A mRNA expression (Supplementary Figure 4) support
the existence of a similar mechanism in A2058 cells, providing
an explanation for the inability of IL-6 to regulate WNT5A
expression in this cell line. These results demonstrate that IL-
6 positively regulates the expression of WNT5A in two out of
four melanoma cell lines tested.

3.4. IL-6 stimulation activates STAT3 but not Akt or
ERK1/2

To identify the downstream signaling mechanisms respon-
sible for the regulation of WNT5A expression by IL-6, we stud-
ied the main pathways triggered by IL-6, specifically, the
activation of STAT3, Akt and/or ERK1/2 (Eulenfeld et al.,
2012). Phosphorylation of the tyrosine-705 residue (Tyr705) is
associated with the dimerization and activation of STAT3
(Zhonget al., 1994). After treating each of the four investigated
melanoma cell lines cells with recombinant IL-6 for 60 min, we

could detect a distinct phosphorylation at Tyr705 of STAT3 in
all the cell lines (Figure 4A). In addition, phosphorylation of
the serine-727 residue of STAT3 has been associated with
the transcriptional regulation of certain STAT3 target genes
(Eulenfeld et al., 2012). However, we could not detect any
phosphorylation of this residue in any of the four cell lines,
neither before nor after recombinant IL-6 treatment (data
not shown). Next, we analyzed the phosphorylation of both
Akt (serine-473) and ERK1/2 (threonine-202/tyrosine-204)
following 60 min of recombinant IL-6 treatment. No increased
phosphorylation of either Akt or ERK1/2 was detected in any of
the four cell lines (Figure 4B and C). Phosphorylation of ERK1/2
and Akt can under many circumstances occur very rapidly
and transiently pass within 60 min. Therefore, we also treated
HTB63 and A375 cells with recombinant IL-6 for 1, 5, 10 and
30 min in addition to 60 min. We detected no increased phos-
phorylation of either Akt or ERK1/2 at any of the time points
analyzed (Supplementary Figure 5), suggesting that neither
of these two signaling molecules were involved in the IL-6-
induced regulation of WNT5A expression.
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3.5. IL-6 increases the expression of WNT5A
independently of STAT3

As STAT3, but neither Akt nor ERK1/2, was activated by IL-6
(Figure 4), we subsequently repeated the recombinant IL-6
stimulations of HTB63 and A375 cells in the presence of a
STAT3-inhibitor to examine whether the IL-6 induced
WNT5A expression was regulated through STAT3. For this
purpose, we selected the well-characterized STAT3-inhibitor
$31-201, which binds the SH2 domain of STAT3 and thereby in-
hibits tyrosine phosphorylation and subsequently the dimer-
ization and activation of STAT3 (Siddiquee et al., 2007). In
HTB63 cells, S31-201 treatment alone for 24 h lowered the
endogenous Tyr705 phosphorylation level of STAT3
(Figure 5A). Furthermore, when HTB63 cells were treated
with S3I1-201, the prominent recombinant IL-6-induced in-
crease in Tyr705 phosphorylation was completely abolished
(Figure 5A). Despite the clear inhibition of STAT3 by S31-201,
the inhibitor had no effects on basal WNT5A expression or
on IL-6-induced WNT5A expression (Figure 5B). When
applying the same experimental set-up for A375 cells, we basi-
cally found the same results with the S3I-201 inhibitor; specif-
ically, there was no correlation between STAT3 activity and
WNT5A expression (Figure 5C and D). To confirm the validity
of the STATS3 inhibitor, we also analyzed in the same cell ly-
sates for the expression of three proteins whose gene tran-
scription have been previously described to be regulated by
STAT3, c-Myc (Kiuchi et al., 1999), B-cell lymphoma-2 (Bcl-2)
(Zhang et al., 2007) and matrix metalloproteinase-9 (MMP-9)
(Wang et al., 2011). The treatment of both HTB63 and A375
cells with S31-201 alone for 24 h significantly reduced the
expression of all these STAT3-regulated proteins
(Supplementary Figures 6A, 6B and 6C, respectively),

demonstrating the expected function of the STAT3 inhibitor.
To further support the observation that chemical inhibition
of STAT3 does not reduce WNT5A expression, we silenced
the expression of endogenous STAT3 for 48 h in both HTB63
and A375 cells using siRNA interference. Despite a significant
reduction of STAT3 expression in both cell lines
(Supplementary Figure 7A), we did not detect any significant
effects on WNTSA protein expression (Supplementary
Figure 7B). Altogether, these results suggest that IL-6 regula-
tion of WNTS5A expression in HTB63 and A375 melanoma cells
is not controlled by STAT3 activity.

3.6.  The IL-6-induced WNT5A expression and cell
invasion is mediated by p38a-MAPK activation

In addition to STAT3, Akt and ERK1/2, IL-6 has been shown to
activate p38-MAPK in hepatoma cells (Zauberman et al.,
1999). Interestingly enough, p38-MAPK activation was recently
shown to mediate TNFa-induced transcription of WNT5A in fi-
broblasts (Katula et al., 2012). Therefore, we investigated
whether IL-6 could activate p38-MAPK in melanoma cells.
Following recombinant IL-6 stimulation for 60 min, we
detected a significant increase in the threonine-180/tyrosine-
182 phosphorylation of p38-MAPK in HTB63 and A375 cells,
whereas the p38-MAPK phosphorylation in WM852 and
A2058 cells was unaffected (Figure 6A). Furthermore, recombi-
nant IL-6 stimulation of HTB63 cells in a time-dependent
manner revealed that the activation of p38-MAPK is rapid
and persists for at least 4 h (Figure 6B) Next, we investigated
whether the IL-6-induced WNTS5A expression was dependent
on the activation of p38-MAPK. Treatment of HTB63 and
A375 cells with the selective p38-MAPK inhibitor SB203580
completely blocked the IL-6-induced WNTS5A expression in
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Figure 5 — The recombinant IL-6-induced expression of WNT5A is not regulated by STAT3 activity. Western blot analysis of tyrosine-705
phosphorylation of STAT3 (p-STATS3, Tyr705) in human HTB63 (A) and A375 (C) melanoma cells treated with either Carrier (0.1% BSA in
PBS) alone or recombinant IL-6 (20 ng/ml) for 24 h in the absence (only DMSO) or presence of S31-201 (100 uM dissolved in DMSO).
Densitometric analyses were performed, and the data were then normalized against total STAT3 (t-STAT3; n = 4). Western blot analysis of
WNTS5A expression in HTB63 (B) and A375 (D) cells treated as described in A and C, respectively. Densitometric analyses were performed, and
the data were then normalized against a-tubulin (» = 4). The results are given as means and S.E.M; *, p < 0.05; *, p < 0.01; **, p < 0.001.

both cell lines (Figure 6C and D). Furthermore, SB203580 treat-
ment alone reduced the basal WNTS5A expression in HTB63
cells (Figure 6C) as well as in WM852 cells (Supplementary
Figure 8). These data indicate that the WNT5A expression in
three (WM852, HTB63 and A375) out of four tested melanoma
cell lines is regulated by p38-MAPK activity. Furthermore,
TGFB has previously been reported to positively regulate
WNT5A expression in melanoma cells (Jenei et al., 2009) and
activate p38-MAPK in both mouse mammary epithelial cells
and mouse myoblast cells (Hanafusa et al., 1999; Yu et al,,
2002). Therefore, we investigated if p38-MAPK activation is
required for the TGFp-induced WNT5A expression in mela-
noma cells. Recombinant TGFBl treatment (5 ng/ml) of
HTB63 cells induced a rapid and persistent activation of p38-

MAPK and increased the expression of WNT5A
(Supplementary Figures 9A and 9B). Interestingly enough, inhi-
bition of p38-MAPK activity with SB203580 completely blocked
the TGFBl-induced WNTS5A expression (Supplementary
Figure 9B). These results might suggest a universal role for
p38-MAPK activity in the regulation of WNT5A expression.
To examine whether the IL-6-induced cell invasion of HTB63
cells was regulated by p38-MAPK activity, we performed inva-
sion assays using recombinant IL-6 stimulated cells in the
absence or presence of SB203580. Co-treating the cells with
the p38-MAPK inhibitor completely abolished the IL-6-
induced cell invasion (Figure 6E). However, the addition of re-
combinant WNTS5A significantly rescued the inhibitory effects
of SB203580 on IL-6-induced HTB63 cell invasion (Figure 6E).
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Figure 6 — Recombinant IL-6-induced p38-MAPK activation mediates elevated WNT5A expression and increased melanoma cell invasion. (A)
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ns, not significant; *, p < 0.05; ™, p < 0.01; ™, p < 0.001.

Finally, we investigated which of the four different p38-
MAPK isoforms (o, B, y and/or §) that were responsible for
the IL-6-induced WNTSA expression. Following stimulation
of HTB63 cells with recombinant IL-6 for 30 min, the lysates
were immunoprecipitated using a monoclonal anti-phos-
pho-p38-MAPK antibody that does not distinguish in-
between the four different p38-MAPK isoforms. Subsequent
Western blot analysis revealed that out of the four isoforms,
only p38a-MAPK was endogenously active and that its activity
could be further increased by recombinant IL-6 stimulation
(Figure 7A). To confirm the role of p38a-MAPK and also vali-
date the selectivity of the SB203580 inhibitor, we then silenced
the endogenous expression of p38x-MAPK in HTB63 cells and

repeated the recombinant IL-6 stimulation. This resulted in an
almost complete block of the IL-6-induced WNT5A expression
whereas siRNA silencing of p38p-MAPK, as a negative control,
failed to impair this effect of IL-6 (Figure 7B). Consequently,
these results demonstrate a novel IL-6-induced, p38a-MAPK-
dependent up-regulation of WNT5A expression that is of sig-
nificant importance for increased melanoma cell invasion.

4. Discussion

The highly metastatic nature of cutaneous melanoma re-
quires the development of effective therapeutic interventions
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that specifically target the invasive capabilities of melanoma
tumor cells. WNT5A expression has been shown to be
elevated in melanoma and to be an indicator of poor prognosis
(Bittner et al., 2000; Da Forno et al., 2008; Weeraratna et al.,
2002). Taken together with the fact that numerous studies
have demonstrated that WNT5A drives melanoma cell migra-
tion and invasion (Dissanayake et al., 2007; O’Connell et al.,
2010; Weeraratna et al., 2002; Witze et al., 2013), suggests
that WNTS5A is a potential therapeutic target in preventing
melanoma metastasis. Therefore, we developed a small
WNT5A-derived hexapeptide, Box5, which inhibits WNT5A
signaling and thereby antagonizes WNT5A-induced mela-
noma cell invasion (Jenei et al., 2009). In addition, a better un-
derstanding of the mechanisms responsible for the increased
WNT5A expression in melanoma could provide improved
therapeutic possibilities in treating dissemination and pro-
gression of the disease. Unfortunately, to date, only a few fac-
tors have been described to increase WNT5A expression
during melanoma progression. In the present study, we
focused on the potential role of IL-6 in regulating WNT5A
expression in melanoma cells.

Similar to WNT5A, IL-6 has been demonstrated to drive
melanoma cell invasion (Kushiro et al., 2012; Sanz-Moreno
etal., 2011). In the present study, we demonstrate an intimate

relationship between IL-6 and WNT5A in two out of four mel-
anoma cell lines, which most likely reflects the heterogeneous
nature of melanoma tumors (Fidler, 1978). The treatment of
four different melanoma cell lines with recombinant IL-6 trig-
gered a significant increase in WNT5A protein expression in
the HTB63 and the A375 cell lines, results that were validated
by increased WNT5A mRNA expression. However, neither
WNTS5A protein nor WNT5A mRNA expression were affected
in the WM852 and the A2058 cell lines. In this context, it de-
serves to be mentioned that a reverse mechanism has been re-
ported, in that WNT5A can increase the expression of IL-6
both in vitro in monocytes (Bergenfelz et al., 2013) and in vivo
in the spinal cord (Li et al., 2013). These findings might explain
the observation by Dissanayake et al. that increased WNT5A
expression and IL-6 release correlate in melanoma cells
(Dissanayake et al., 2008). The previous (Bergenfelz et al,
2013; Li et al., 2013) and present data provide the basis for a
possible mechanism whereby WNTS5A can positively regulate
its own expression via a positive feedback loop (see the sche-
matic overview in Figure 8). A confirmed functional impor-
tance of the IL-6-induced WNT5A protein up-regulation was
revealed by the findings that a direct antagonism of WNT5A
signaling reduced IL-6-induced melanoma cell migration and
invasion.
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Figure 8 — Schematic overview of the signaling events that link the
two pro-metastatic agents IL-6 and WNTS5A in melanoma. The
broken arrow indicates a mechanism demonstrated by other
researchers that together with the present findings suggests a positive
feed back-loop whereby WNTS5A indirectly could regulate its own

expression level.

To further validate the above results, we sought to eluci-
date the signaling mechanisms responsible for the IL-6-
induced WNT5A expression. We initiated this study by
focusing on the three main signaling molecules activated by
IL-6 (Eulenfeld et al., 2012). The data from the four investigated
melanoma cell lines clearly showed that IL-6 only induced a
pronounced activation of the transcription factor STATS3,
whereas neither Akt nor ERK1/2 were activated. It is reason-
able to believe that the inability of IL-6 to induce further in-
creases in ERK phosphorylation in all studied cell lines is a
reflection of their NRAS/BRAF mutational status and thus
their constitutively active RAS/RAF/MEK/ERK signaling
pathway. A similar reasoning might explain the lack of IL-6-
induced Akt phosphorylation since increased RAS activity
will trigger increased PI3K activity. In addition the WM852,
HTB63 and A2058 cells all have a chromosomal deletion of
PTEN.

In addition to the IL-6-induced STAT3 activation, we
observed that the levels of endogenous STAT3 activity and
WNT5A expression correlated well within our panel of mela-
noma cell lines. Altogether, these results pointed towards
STAT3 as the main signaling molecule responsible for the IL-
6-induced WNTSA expression. Surprisingly however, despite
the use of a well-characterized STAT3 inhibitor (Siddiquee
et al., 2007), neither the endogenous nor the IL-6-induced
WNTS5A up-regulation was affected in HTB63 and A375 cells.
Furthermore, siRNA silencing of STAT3 did not affect the
WNT5A expression in these cells. Altogether, these results
suggest that STAT3 is not involved in the regulation of
WNTS5A expression in melanoma cells (see the schematic
overview in Figure 8), despite the demonstrated presence of
STAT3 binding sites within the WNT5A gene (Katoh and
Katoh, 2005). However, in line with our results, a recent study
by Katula et al. failed to confirm the presence of STAT3 bind-
ing sites within the WNT5A gene (Katula et al., 2012). Taken
together, our results constitute a functional confirmation of
the recent results published by Katula et al.

Searching for an alternate signaling mechanism that could
explain the IL-6-induced regulation of WNT5A expression, we
focused on p38-MAPK because it has been implicated in IL-6
signaling in hepatoma cells (Zauberman et al., 1999). Indeed,
IL-6 was also able to activate p38-MAPK in HTB63 and A375
melanoma cells, and this correlated with IL-6-induced
WNTS5A protein expression. However, in WM852 and A2058
melanoma cells, the activity of p38-MAPK remained un-
changed, a result that correlated with the inability of IL-6 to
induce WNT5A expression in these cells. These results sug-
gest the possibility that p38-MAPK is responsible for IL-6-
induced WNT5A up-regulation. Indeed, inhibition of p38-
MAPK activity blocked the IL-6-induced WNT5A expression
in both HTB63 and A375 melanoma cells. Furthermore, p38-
MAPK inhibition was able to reduce the basal level of
WNTS5A protein expression in WMS852 cells indicating that
p38-MAPK activity participates in the regulation of WNT5A
expression in three out of four investigated melanoma cell
lines. In this context, it deserves to be mentioned that
WNT5A has been shown to regulate the activity of p38-
MAPK in teratocarcinoma cells (Ma and Wang, 2007). If such
a mechanism also exists in melanoma cells, it would further
extend the possibilities of WNT5A to positively regulate its
own expression and thereby accelerate migration and inva-
sion of melanoma cells (see the schematic overview in
Figure 8). Functionally, the inhibition of p38-MAPK completely
blocked the IL-6-induced invasion of HTB63 cells. Our findings
that the addition of recombinant WNT5A to these cells
rescued the IL-6-induced invasion indicate that the inhibition
of p38-MAPK activity and the resulting downstream inhibition
of IL-6-induced cell invasion are related to impaired WNT5A
expression.

In an attempt to delineate which of the four different p38-
MAPK isoforms (x, B, v and/or d) that were responsible for the
IL-6-induced WNT5A up-regulation, we identified p38«-MAPK
as the only active isoform in HTB63 cells. This information
allowed us to investigate the specific role of p38z-MAPK in
IL-6-induced WNT5A expression by using siRNA interference
instead of chemical inhibition. However, as SB203580 selec-
tively can inhibit both p38x-MAPK and p38B-MAPK (Lopez-
Bergami, 2011), we choose to silence both isoforms individu-
ally prior to stimulation with recombinant IL-6. In good agree-
ment with the above results, silencing of p38a-MAPK almost
completely blocked the IL-6-induced WNT5A up-regulation
(see the schematic overview in Figure 8) whereas silencing
of p38B-MAPK had no effect.

Taken together, the present study suggests a novel
approach for therapeutically targeting WNT5A up-
regulation, which, in combination with blocking WNT5A
signaling, could provide an efficient approach to prevent
WNT5A-regulated metastatic spread of melanoma. If such
an approach would also be useful in reducing the resistance
towards BRAF inhibitors, as recently proposed (Webster and
Weeraratna, 2013), remains to be further investigated.
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