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Abstract

Cutaneous melanoma is one of the most aggressive cancers characterized by a high plasticity, a propensity for metastasis,
and drug resistance. Melanomas are composed of phenotypically diverse subpopulations of tumor cells with heterogeneous
molecular profiles that reflect intrinsic invasive abilities. In an attempt to identify novel factors of the melanoma invasive cell
state, we previously investigated the nature of the invasive secretome by using a comparative proteomic approach. Here, we
have extended this analysis to show that PTX3, an acute phase inflammatory glycoprotein, is one such factor secreted by
invasive melanoma to promote tumor cell invasiveness. Elevated PTX3 production was observed in the population of
MITF®" invasive cells but not in the population of MITF"&" differentiated melanoma cells. Consistently, MITF knockdown
increased PTX3 expression in MITE"" proliferative and poorly invasive cells. High levels of PTX3 were found in tissues
and blood of metastatic melanoma patients, and in BRAF inhibitor-resistant melanoma cells displaying a mesenchymal
invasive MITF®" phenotype. Genetic silencing of PTX3 in invasive melanoma cells dramatically impaired migration and
invasion in vitro and in experimental lung extravasation assay in xenografted mice. In contrast, addition of melanoma-
derived or recombinant PTX3, or expression of PTX3 enhanced motility of low migratory cells. Mechanistically, autocrine
production of PTX3 by melanoma cells triggered an IKK/NF«B signaling pathway that promotes migration, invasion, and
expression of the EMT factor TWIST1. Finally, we found that TLR4 and MYD88 knockdown inhibited PTX3-induced
melanoma cell migration, suggesting that PTX3 functions through a TLR4-dependent pathway. Our work reveals that tumor-
derived PTX3 contributes to melanoma cell invasion via targetable inflammation-related pathways. In addition to providing
new insights into the biology of melanoma invasive behavior, this study underscores the notion that secreted PTX3
represents a potential biomarker and therapeutic target in a subpopulation of MITF®" invasive and/or refractory melanoma.

Introduction

Melanoma is the leading cause of skin cancer-related
deaths, whose incidence has increased dramatically in the
past 30 years. Melanoma arises from neural-crest-derived
melanocytes found in the basal layer of the epidermis and
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resistance are hallmarks of melanoma. During the last years,
much has been learned about the genetic and epigenetic
driver events of tumor initiation, progression, and response
to targeted therapies. Activating mutations of the BRAF
proto-oncogene, which are the most prevalent mutations
predict clinical efficacy to BRAF inhibitors such as
vemurafenib in BRAF-mutated metastatic melanomas; and
NRAS mutant tumors are known to exhibit sensitivity to
MEK inhibition [1, 2]. Despite recent breakthroughs in
melanoma treatments with the combination of targeted
therapies using BRAF and MEK inhibitors and immu-
notherapies using checkpoint-blocking antibodies, resis-
tance invariably develops and the prognosis remains dismal
for most patients. Notably, current targeted therapies have
even been shown to promote a mesenchymal-like invasive
cell state and metastasis of resistant melanoma cells [3].

The acquisition of an invasive behavior is one of the key
events in the progression to aggressive and deadly mela-
noma. Thus, identification of tumor cell intrinsic and
extrinsic factors and characterization of the molecular
mechanisms that drive this behavior are essential to our
understanding of how melanoma metastasis develops, and
to the development of novel therapeutic strategies. Emer-
ging evidence support that progression to metastasis
involves a series of reversible phenotypic changes in tumor
cells. Under microenvironmental influences melanoma cells
can undergo transcriptional reprogramming and switch
between two different dominant states, either proliferative
and poorly invasive or invasive and poorly proliferative,
both being characterized by distinct gene expression sig-
natures [3-6]. Levels and activity of microphthalmia-
associated transcription factor (MITF), the melanocyte
lineage-restricted transcription factor, are key determinants
of the melanoma phenotype switch and tumor cell plasticity.
The “proliferative” cellular state expresses higher levels of
MITF than the “invasive” state. Importantly, the MITF'¥
invasive signature has been associated with intrinsic resis-
tance to new drugs targeting mutant BRAF and MEK
[3, 7, 8]. Finally, acquisition of migratory and invasive traits
by melanoma cells also involved modulation of
epithelial-mesenchymal transition (EMT)-inducing tran-
scription factors expression, including members of the
SNAIL, TWIST, and ZEB families [9-11].

Tumor cell-secreted factors play a key role in the process
of malignant progression via their ability to regulate cell
autonomous signaling and paracrine stroma communica-
tion. Drivers of melanoma invasion include such autocrine
signals propagated by secreted factors that may thus
represent potential candidate molecules for diagnosis and
specific anti-invasive therapies. By proteomic profiling of
metastatic and non-metastatic melanomas we recently
identified a spectrum of secreted factors and inflammatory
mediators that were enriched in conditioned medium (CM)
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of metastatic cells compared to non-metastatic cells [12]. Of
potential interest, the long pentraxin 3 (PTX3) was found
abundantly produced by metastatic melanoma cells. PTX3
is an evolutionarily conserved pattern recognition molecule
involved in innate immune response, complement activation
and inflammation, and have been linked to diseases such as
cancer [13, 14]. A complex role of PTX3 in cancer, either as
an oncosuppressor or a protumorigenic factor, is emerging
[15, 16]. The goal of this study was to analyze the autocrine
function of PTX3 in melanoma cell invasive signaling and
metastasis and to determine the relevance of these obser-
vations to human disease. We show that PTX3 is a key
factor secreted by a MITFY invasive subpopulation of
melanoma, and contributes to tumor cell migration and
invasion in vitro and in vivo. Importantly, tissues and sys-
temic PTX3 levels are elevated in a fraction of metastatic
melanoma patients, and in mesenchymal drug-resistant
melanoma cells. Mechanistically, we found that PTX3
functions through a TLR4/MYDS8S8/IKK/NF-kB feed-
forward signaling pathway to mediate the expression of
EMT transcription factor TWISTI, and to promote mela-
noma migration. In summary, our results point to PTX3 as a
potentially useful biomarker for advanced melanoma and as
an anti-melanoma therapeutic target.

Results

PTX3 expression is associated with an invasive
melanoma cell state

Using quantitative mass spectrometry analysis [12], the
pentraxin-related protein PTX3 was found enriched in CM
from metastatic 1205Lu cells compared to the poorly
invasive 501Mel cells (Supplementary Table 1). Antibody
arrays analysis confirmed that PTX3 is abundantly pro-
duced by metastatic melanoma cells in addition to other
proteins involved in migration and inflammation (IL-1a, IL-
6, IL-8, MCP-1, TNFsR1, CCL2), matrix remodeling and
adhesion (TSP1, TIMP1) (Supplementary Fig. 1). Direct
dosage by enzyme-linked immunosorbent assay (ELISA)
and immunoblot analysis of PTX3 in CM obtained from
different malignant melanoma cells showed that PTX3 was
preferentially produced by 1205Lu and A375 cell lines (Fig.
la, b). PTX3 was also secreted by cultures of primary tumor
cells from metastatic melanoma patients (Ptl and Pt2) (Fig.
1a). It is recognized that melanoma cells can switch from a
proliferative and poorly invasive MITF"" phenotype to an
invasive and poorly proliferative MITF°¥ phenotype [4].
Given our observations, we thus searched publicly available
gene expression data sets for PTX3 expression in pro-
liferative vs. invasive melanoma cell population within the
Mannheim, Philadelphia, and Zurich cohorts (GSE4843,
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« Fig. 1 PTX3 expression is associated with an invasive MITF®" mel-
anoma cell state. a ELISA analyses of PTX3 secretion in CM of
different melanoma cell lines and patient short-term cultures. Equal
amounts of CM from SBcl2, WM35, WM793, 501Mel, MeWo,
SKMel28, 1205Lu, A375, and melanoma patient cells (Ptl, Pt2) were
subjected to PTX3 ELISA. Data represent the mean concentration of
PTX3 in CM +s.e.m of duplicate determinations. b Equal amounts of
CM from melanoma cell lines were immunoblotted with PTX3 anti-
body. Ponceau staining was used as a loading control for secreted
proteins. ¢ Box and whisker plots (10th to 90th percentile) show MITF
and PTX3 expression across proliferative vs. invasive cell states of
melanoma cultures within the Mannheim, Philadelphia, and Zurich
cohorts (GSE4843, GSE4841, and GSE4840 data sets). P-values were
calculated by unpaired two-tailed Mann—Whitney test. d Spearman’s
correlation analysis of the MITF and PTX3 mRNA expression across
the Mannheim melanoma cohort (GSE4843). e PTX3 mRNA expres-
sion in melanoma cell lines classified based on high (MITF high) or
low (MITF low) levels of MITF expression. Box and whisker plots
(10th to 90th percentile) show normalized PTX3 expression values
mined from publicly available data sets (GSE62526 and GSE61544).
P-values were calculated by unpaired two-tailed Mann—Whitney test. f
PTX3 and TYRPI gene mRNA in melanoma cells depleted (shMITF)
or not (shSCR) of MITF. Box plots depict PTX3 expression values
extracted from a GEO data set (GSE50686). g 501Mel cells were
transfected with siCTRL or siMITF for 3 days. Total cell lysates and
CM were analyzed by immunoblotting with antibodies against MITF,
p27Kipl, SPARC, PTX3, and ERK2 as a loading control. Ponceau
staining was used as a loading control for secreted proteins. ***P <
0.0001; **P <0.01; *P<0.05

GSE61544) (Fig. le) and that short-hairpin RNA (shRNA)-
mediated depletion of MITF in COLO829 melanoma cells
upregulated PTX3 mRNA expression (GSE50686) (Fig.
1f). Finally, knockdown of MITF expression in the poorly
invasive cell line 501Mel was associated with increased
levels and secretion of PTX3 (Fig. 1g). Consistent with our
previous report [5], the expression of the mesenchymal
marker SPARC and p27%P?! was also augmented following
MITF depletion in 501Mel cells. Altogether our data
identify high levels of PTX3 in MITF®Y invasive melanoma
cells.

PTX3 is upregulated during human metastatic
melanoma disease and acquisition of mesenchymal
drug resistance

The finding that PTX3 level was associated with a mela-
noma invasive signature prompted us to examine its
expression in metastases and blood samples from melanoma
patients. In silico data analysis of PTX3 expression in
public databases showed that PTX3 mRNA was increased
in metastatic melanoma compared to benign skin lesions
(nevi) (Fig. 2a). In addition, the examination of PTX3 in
melanoma patients from The Cancer Genome Atlas
(TCGA) data sets revealed that PTX3 alterations (PTX3
amplifications and mRNA upregulation) were associated
with a trend toward shorter disease-free progression (P =
0.0151) and shorter overall survival (P =9.872¢-3) (Fig.
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2b). Interestingly, gene set enrichment analysis (GSEA)
showed that high PTX3 levels in melanoma tumors posi-
tively correlated with Epithelial-to-Mesenchymal Transition
(EMT) and Inflammatory Response gene signatures (Fig.
2¢).

Immunohistochemical analysis of PTX3 in melanoma
tissue microarrays showed that a marked PTX3 cytoplasmic
and membranous immunoreactivity in malignant melanoma
at stage IV (3 out of 10) compared to four adjacent normal
skin tissues. In contrast, malignant melanoma at stage III (6
out of 6) showed low to medium levels of PTX3 (Fig. 2d, e
and Supplementary Fig. 2). Consistently, the amount of
circulating PTX3 in blood from patients with stage IV
metastatic disease (n = 16) was significantly increased in
diseased (7.98 +5.12 ng/ml) compared to healthy subjects
(n=10) (2.36+1.15ng/ml) samples (Fig. 2f). These
observations indicate that high PTX3 levels correlated with
melanoma cells from advanced metastatic disease.

Recent findings indicate that by switching from a pro-
liferative MITF'&"/AXL™ to a mesenchymal invasive
MITF°"/AXL"" state, melanoma cells can acquire resis-
tance to targeted therapies [3, 7]. We thus investigated the
potential link between PTX3 expression and acquired
resistance to BRAF inhibitors. Immunoblot analyses per-
formed on isogenic pairs of sensitive and vemurafenib-
resistant melanoma cells [17] revealed that MITF®Y-resis-
tant cells M229R and M238R expressed and secreted high
levels of PTX3 when compared to MITF"#" drug-sensitive
parental cells M229P and M238P (Fig. 3a, b). As expected,
the mesenchymal markers Fibronectin and PDGFR-§ were
also upregulated in the two resistant cell lines (Fig. 3a) [18].
Importantly, our observations were clinically supported in
public gene expression data sets showing that P7X3
increased in progressing tumors biopsies during therapy
with BRAFi (vemurafenib or dabrafenib) or MEKi (trame-
tinib) (Fig. 3c). Our analysis of the CM prepared from
melanoma cells derived from a relapsing melanoma patient
further showed that PTX3 and Fibronectin production by
melanoma cells increased following the acquisition of
mesenchymal resistance to vemurafenib (Fig. 3d). Alto-
gether, our findings hence link PTX3 expression to a sub-
population of inflammatory, dedifferentiated and invasive
melanoma cells, which could be associated with poor
prognosis.

Melanoma-derived PTX3 promotes tumor cell
migration

We next investigated the contribution of PTX3 to mela-
noma cell migration. To this end, the migratory ability of
PTX3-depleted cells was tested in Boyden chamber assays.
Knockdown of PTX3 in 1205Lu and A375 cells using two
different non-overlapping PTX3-targeting small-interfering
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Fig. 2 Expression of PTX3 in malignant melanoma. a Box and
Whisker plots (10th to 90th percentile) show PTX3 mRNA expression
in metastatic vs. benign skin lesions (nevi) (GSE3189). P-values were
calculated by wunpaired two-tailed Mann—Whitney test. b
Kaplan—Meier overall survival and disease-free survival curves for
melanoma patients with or without PTX3 alterations (P7X3 amplifi-
cations and mRNA upregulation). Data were retrieved from the skin
melanoma TCGA database using cBioPortal (cbioportal.org). Data
were restricted to AMP EXP 22 to exclude patients with PTX3 dele-
tion. Median months survival: 28 vs. 94.9 (P = 9.872e-3, logrank test).
Median months Disease-free: 25.5 vs. 51.4 (P =0.0151, logrank test).
¢ Gene set enrichment analysis (GSEA) of genes that positively (red)
or negatively (blue) correlate with PTX3 expression in skin melanoma
TCGA database. Data represent plots for the top two gene sets most
significantly enriched. d Immunohistochemical analysis of PTX3
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levels on human melanoma tissue microarrays. Data show repre-
sentative IHC images of PTX3 expression in melanoma adjacent
normal skin tissues, stage III malignant melanoma and stage IV
malignant melanoma according to the tumor-node-metastasis (TNM)
classification system. PTX3 was counterstained with hematoxylin. Top
panels, representative images of the melanoma tissue microarray cores.
Bottom panels, representative images of the microarray at high mag-
nification. Samples were scored as low, medium or high PTX3
expression. e Quantification of PTX3 expression in stage III (six cases)
and stage IV (ten cases) melanoma tissue arrays from d and Supple-
mentary Fig. 2. f Serum analysis for PTX3 from metastatic melanoma
(MM) patients (n = 16) compared to healthy donors (n = 10). Error
bars represent meanz+s.e.m. ***P<(.0005, unpaired two-tailed
Mann—-Whitney’s test
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isogenic pairs of sensitive (M229S, M238S) and vemurafenib-resistant
melanoma cells (M229R, M238R). Total cell lysates were immuno-
blotted with antibodies against PTX3, MITF, PDGFR- f, Fibronectin,
and HSP90 as a loading control. b ELISA analyses of PTX3 secretion
in CM derived from the above sensitive and resistant melanoma cells.
PTX3 levels in CM were normalized against the amount of cellular
proteins in each condition. Data represent the mean concentration of
PTX3 in CM = s.e.m of duplicate determinations. **P <0.01; ***P <
0.001 as determined by two-way ANOVA and Bonferroni post-tests. ¢
PTX3 gene expression levels in data sets (GSE5053) derived from
three-paired tumor biopsies of melanoma patients before (Pre) and
after (Post) development of resistance to BRAF inhibitors. d CM was
prepared from melanoma cell cultures derived from one patient before
(Pre) and after (Post) development of drug resistance and immuno-
blotted with PTX3 and Fibronectin antibodies. Ponceau staining was
used as a loading control for secreted proteins

RNAs (siRNAs; siPTX3#1 and siPTX3#2) inhibited the
chemotactic migration of melanoma cells towards serum
compared to cells transfected with a non-targeting siRNA
(siCTRL) (Fig. 4a). Importantly, PTX3 knockdown, which
abrogated PTX3 secretion, had no significant effect on cell
viability (Supplementary Fig. 3c). Depleting PTX3 also
blocked the migration of invasive M229R and M238R
BRAFi-resistant cell lines and of metastatic melanoma cells
derived from a patient (Pt1) (Fig. 4a). Conversely, the stable
expression of PTX3 in PTX3-negative cells 501Mel and
SKMel28 increased cell migration (Fig. 4b) (Supplementary
Fig. 4). Addition of exogenous recombinant PTX3 rescued
the migratory ability of PTX3-depleted A375 and 1205Lu

SPRINGER NATURE

cells (Fig. 4c and Supplementary Fig. 5), suggesting that
PTX3 promotes melanoma cell migration in an autocrine
manner following its secretion by the cancer cell. To test
this hypothesis, we carried out in vitro scratch assays using
the non-invasive PTX3-negative 501Mel cells incubated
with CM produced by invasive PTX3-positive 1205Lu
cells. As shown in Fig. 4d, the addition of CM produced by
1205Lu cells transfected by non-targeting siRNA enhanced
the migration of 501Mel cells in the wound gap, whereas
adding CM produced by PTX3-depleted 1205Lu cells had
no significant effect on 501Mel cell migration. Using
1205Lu CMs that were immuno-depleted of PTX3, we
confirmed that secreted PTX3 is required to induce mela-
noma cell migration (Fig. 4e). Of note, PTX3-expressing
501Mel cells displayed increased cell motility in scratch
assays when compared to control PTX3-negative 501Mel
cells (Supplementary Fig. 6). In addition, we found that
recombinant PTX3 enhanced the migration of another non-
invasive PTX3-negative melanoma cell line, SKMel28 (Fig.
4f), indicating that melanoma-derived PTX3 has a direct
effect on tumor cell motility.

PTX3 expression increases melanoma invasiveness
and lung extravasation

Our observations led us to investigate whether PTX3 par-
ticipates to melanoma cell invasion. Matrigel invasion
assays revealed that siRNA-mediated depletion of PTX3
reduced the invasive migration of 1205Lu, A375, and
M229R (Fig. 5a). Interestingly, exogenous recombinant
PTX3 restored the impaired invasiveness of PTX3-depleted
1205Lu cells (Fig. 5b). Conversely, stable expression of
PTX3 in PTX3-negative SKMel28 cells increased the
capacity of melanoma cells to invade matrigel (Fig. 5c). To
investigate further the activity of PTX3 in melanoma
invasion, A375 and WM266.4 cell spheroids were
implanted into gels of type I collagen and three-dimensional
(3D) tumor cell invasion was evaluated by microscopy.
Whereas knockdown of PTX3 had no significant effect on
spheroid growth rate, the depletion of PTX3 impaired
melanoma invasion into collagen of both cell lines (Fig. 5d,
Supplementary Fig. 7). Consistently, zymographic analysis
of the invasion-related matrix metalloproteinase MMP-9
revealed a decrease of its collagenase activity in PTX3-
depleted melanoma cells compared to control (Fig. 5d).
Tumor cell extravasation is a required early step during
tissue colonization and metastatic spread [19]. To examine
how PTX3 participates to this process, we assessed the
effect of PTX3 knockdown in transendothelial migration of
1205Lu cells on monolayers of TNFa-activated HUVECs.
Compared to control siRNA-transfected cells, the transmi-
gration of PTX3-silenced melanoma cells was markedly
reduced (Fig. 5e). Importantly, the reduced potential of
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Fig. 4 Melanoma-derived PTX3 promotes tumor cell migration. a
A375, 1205Lu, M229R, M238R, and patient-derived (Ptl) melanoma
cells were transfected with siCTRL or two different siPTX3. After
3 days, serum-stimulated migration assays were performed for 4 h
using Transwell inserts. Bar graphs show mean number of migrated
cells £ s.e.m (n = 3 independent experiments). Lower panel: CMs from
transfected cells were immunoblotted with anti-PTX3. b Transwell
migration assays for melanoma cells (501Mel, SKMel28) stably
expressing PTX3 were performed for 16 h. Bar graphs show mean +s.
e.m (n =3 independent experiments). PTX3 immunoblots are shown
in lower panel. ¢ A375 and 1205Lu cells were transfected with
siCTRL or siPTX3. After 3 days, Transwell migration assays were
performed in the presence or not of thPTX3 (100 ng/ml). Bar graphs
represent mean +s.e.m (n = 3 independent experiments). d Confluent

PTX3-depleted cells to transmigrate was rescued by the
addition of exogenous PTX3, thereby linking autocrine
PTX3 production by melanoma cells to their ability to cross
endothelial barriers (Fig. 5e).

Next, we sought to confirm our observations in vivo
using a long-term lung colonization assay by

0

501Mel cells were scratched and CMs from 1205Lu depleted or not for
PTX3 were added. Cells were photographed under a phase contrast
microscope after 48 h (upper panels) and migrating cells in scratch area
were quantified (lower panels). Bar graphs represent means + s.e.m. (n
=3 independent experiments). e Motility of 501Mel cells was assayed
by scratch assays in the presence or not of 1205Lu CMs cleared from
PTX3 by immunoprecipitation (IP). Upper panel: PTX3 immunoblot
of the cleared CMs. Bar graphs show mean + s.e.m (n = 2 independent
experiments). f Confluent SKMel28 cell monolayers were wounded
and rhPTX3 were added. Migrated cells in scratch area were photo-
graphed and quantified. Bar graphs represent mean+s.e.m. (n=3
independent experiments performed in duplicate). **P < 0.01; ***P <
0.001 as determined by two-way ANOVA and Bonferroni post-tests

bioluminescent melanoma cells [12]. To this end, 1205Lu-
Luc + melanoma cells were stably infected with lentiviruses
harboring a control shRNA lentivirus (shCtrl) and different
shRNAs against PTX3. The efficiency of PTX3 knockdown
was assessed by immunoblotting CM from the infected cells
(Supplementary Fig. 8a). Further analysis of in vitro cell
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Fig. 5 PTX3 increases melanoma invasiveness in vitro. a Transwell
invasion assays were performed on siCTRL and siPTX3 transfected
cells (1205Lu, A375, M229R) obtained from transfections performed
for migration assays (Fig. 4a). Cells were left to migrate for 6 h and
counted. Bar graphs show mean number of invaded cells £ s.e.m (n =
3 independent experiments). b 1205Lu cells were transfected with
siCTRL or siPTX3 as described above. After 3 days, serum-stimulated
Transwell invasion assays were performed in the presence or not of
rhPTX3 (100 ng/ml). Images of one representative insert out of three
are shown (left). Bar graphs represent mean + s.e.m (n = 2 independent
experiments) (right). ¢ Transwell invasion assay was performed as
above on SKMel28 cells stably expressing PTX3 or not from Fig. 4b.
Cells were left to migrate for 6 h and counted. Bar graphs show mean
number + s.e.m (n = 3 independent experiments). d Three-dimensional
tumor spheroid invasion assay was performed on A375 cells

migration in Boyden chamber assays showed that
shPTX3 sequence 5 (shPTX3-5) was the most efficient in
reducing cell migration compared to shCtrl (Supplementary
Fig. 8b). Stable control (shCTRL) and PTX3 (shPTX3-5)
knockdown (Fig. 6a) bioluminescent melanoma cells were
then injected into the tail vein of nude mice. Biolumines-
cence imaging (BLI) recorded post injection showed that
control and PTX3-depleted cells equally arrested into the
lungs after 15 min. However, BLI measurements during the
next 15 days revealed a dramatic reduction in lung
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transfected with siCTRL or siPTX3 for 3 days. Tumor cell outgrowth
from spheroid edge was visualized by phase contrast microscopy and
quantified by ImagelJ. Scale bar, 200 um. Bar graphs show mean =+ s.e.
m., n=2 independent experiments. Lower panels show collagen
zymography on supernatant of A375 cultures. The band of ~110 kDa
was identified as MMP-9 by reference to the migration of standard
proteins. e Transendothelial migration assay was performed on
monolayers of primary endothelial cells (HUVECs) grown on Trans-
well inserts. CMFDA-labeled 1205Lu cells transfected with siCTRL
or siPTX3 were then added to the inserts. PTX3 knockdown cells were
rescued by adding rhPTX3 (100 ng/ml). Cells were left to migrate for
6h and cell tracker green-positive cells were counted by fluorescent
microscopy. Bar graphs show meanz*s.em (n=2 independent
experiments). ***P<0.001; **P<0.01 as determined by two-
way ANOVA

colonization by PTX3-depleted compared to control cells
(Fig. 6b). The quantification of lung colonization by ex vivo
BLI at the endpoint of the assay revealed a sixfold reduction
in experimental lung metastasis by stable PTX3 knockdown
cells compared to control cells (Fig. 6c¢). Importantly,
transient PTX3 knockdown also inhibited melanoma lung
extravasation in mice (Supplementary Fig. 9). Finally, using
a short-term lung colonization assay [12], we observed that
expression of PTX3 in non-metastatic 501Mel cells sig-
nificantly increased their extravasation into lungs (Fig. 6d).
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Fig. 6 PTX3 promotes melanoma invasiveness in experimental lung
extravasation assay. a Immunoblot analysis of PTX3 expression on
1205Lu-Luc + control (shCTRL) and stable PTX3 knockdown
(shPTX3-5) cells (see Supplementary Fig. 7 for details). HSP60 was
used as a loading control. b shCTRL and shPTX3-5 1205Lu-Luc +
were injected by tail vein into nude mice (n =5 mice per group) and
lung metastasic progression was monitored and quantified using a
photon imager. Representative images of photon fluxes produced by
bioluminescent melanoma cells from day O to day 15 are shown (left
panels, n = 2) and normalized photon flux (BLIL right graph, n =5) of
lungs from control and PTX3-depleted cells. ¢ Quantification of lung

Altogether, these data suggest that melanoma PTX3
increased the migratory potential of melanoma cells in vivo.

A TLR4-NF-kB-TWIST1 axis is required for melanoma
cell migration mediated by PTX3

We next wished to identify the signaling pathways involved
in PTX3-mediated melanoma cell migration and invasion.
Whereas PTX3 depletion in 1205Lu and M229R cells had
no significant effect on the activity of ERK1/2 and AKT
(Supplementary Fig. 10), it drastically decreased NF-kB
pathway activity, as shown by the reduced level of phos-
phorylated IKKo/p, IkBa, and NF-kB p65 observed in
PTX3-depleted cells (Fig. 7a). Interestingly, reduced NF-kB
activity in PTX3-depleted cells decreased the expression of
EMT factors TWIST1 and SNAIL. These results suggest
that PTX3 activates the NF-kB pathway in melanoma to
promote cell migration and invasion through EMT factors.
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metastatic foci by ex vivo BLI at the endpoint of the experimental lung
extravasation assay performed in b. Representative ex vivo BLI ima-
ging of lung mets (left) and quantification of lung metastatic foci per
lung (right graph, n=35). d Quantification of short-term lung extra-
vasation by 501Mel cells stably expressing PTX3 or not. Cell tracker-
labeled melanoma cells that were present within the lungs were
counted at the indicated time post injection. Bar graphs show mean +s.
e.m. (n=6 randomly chosen fields) in left panel. Scale bar, 60 um.
**P<0.01, *P<0.05 as determined by unpaired two-tailed
Mann—Whitney’s test

Consistently, IKK targeting in melanoma cells either with
IKK inhibitor BMS345541 (Fig. 7b) or with siRNAs
directed against IKKa/p (Fig. 7c) reduced EMT factors
levels and cell migration. In line with previous reports
[10, 11, 20], we confirmed that TWISTI1 is an important
regulator of melanoma cell migration (Fig. 7d). Conversely,
the activation of the NF-kB pathway and TWIST1 expres-
sion was significantly increased in 501Mel cells stably
expressing PTX3 compared to control cells (Fig. 7e). Using
an NF-kB-luciferase reporter construct, we confirmed that
overexpression of PTX3 in melanoma cells enhanced NF-
kB transcriptional activity in non-stimulated cells and
showed additive effects with TNFa stimulation to further
increase NF-kB activity (Fig. 7f). Having shown that PTX3
overexpression increased the migration of poorly invasive
melanoma cells, we thus examined whether the NF-kB/
TWIST pathway participates to this process. A reduction of
PTX3-mediated cell migration was observed in PTX3-
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expressing 501Mel cells treated with the IKK inhibitor
BMS345541 (Fig. 7g) or transfected with TWIST1 siRNA
(Fig. 7h). However, the migration of control cells was also
reduced upon IKK inhibition or TWIST1 depletion, indi-
cating that the NF-kB/TWIST axis controls additional
PTX3-independent invasive pathways.

Finally, we sought to identify the mechanism through
which melanoma-secreted PTX3 endows tumor cells with
enhanced migratory potential. Our rescue experiments with
exogenous recombinant PTX3 point to the existence of a
PTX3 receptor that is expressed at the cell surface of
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melanoma cells. Previous studies showing that PTX3
mediates antifungal resistance through TLR4/MD-2-medi-
ated signaling [21] and that melanoma cells express func-
tional TLRs including TLR4 [22-24] led us to hypothesize
that TLR4 could mediate the effect of PTX3 on melanoma
cell migration. The depletion of TLR4 in melanoma cells
using two siRNA sequences markedly reduced cell migra-
tion (Fig. 8a). Rescue experiments on melanoma cells that
were depleted of PTX3 or TLR4 showed that recombinant
PTX3 restored the migration of PTX3-silenced cells,
whereas recombinant PTX3 was ineffective to restore the
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<« Fig. 7 PTX3 functions through IKK/NF-kB and TWIST1 to promote

melanoma cell migration. a 1205Lu and M29R cells were transfected
with siCTRL or siPTX3. Cell lysates were immunoblotted with the
indicated antibodies. HSP60, loading control. b Transwell migration
assays were performed on 1205Lu and M229R cells treated with IKK
inhibitor BMS345541 (10 uM). Immunoblots with the indicated anti-
bodies are shown. Bar graphs represent mean+s.e.m (n=3 inde-
pendent experiments). ¢ Transwell migration assays and immunoblot
of cell lysate were performed following transfection of 1205Lu and
M229R cells with siRNA targeting IKKa and IKKf (siIKKo/B).
Immunoblots for the indicated antibodies are shown. Lower panel
represents bar graph of cell migration mean + s.e.m (n = 3 independent
experiments). d Transwell migration assays were performed on control
(siCTRL) or TWIST1-depleted (siTWIST1) 1205Lu and M229R cells.
Immunoblots against TWIST1 and HSP60 are shown. Bar graphs
show mean +s.e.m (n =3 independent experiments). e Lysates from
501Mel cells stably expressing PTX3 or not were analyzed by
immunoblot with the indicated antibodies. f 501Mel cells stably
expressing PTX3 were transfected with a NF-xB luciferase reporter
and stimulated or not with TNF-a (10 nM). Normalized luciferase
activity was measured. Bar graphs show mean+s.e.m (n=3 inde-
pendent experiments in duplicate). g 501Mel cells expressing PTX3
were treated with the IKK inhibitor BMS345541 (10 uM) for 4 h.
Transwell migration assays and immunoblot analysis for the indicated
antibodies were performed. Bar graphs represent mean +s.e.m., n =3
experiments. h PTX3-expressing 501Mel cells were transfected with
siCTRL or siTWIST1. Migration assay was performed as above. Bar
graphs show mean +s.e.m (n =2 independent experiments). ***P <
0.001, **P <0.01, *P <0.05 as determined by two-way ANOVA and
Bonferroni post-tests

migration of TLR4 silenced cells (Fig. 8b). Interestingly,
melanoma cells that were depleted of the TLR4 signal
transducer MYDS88 displayed a reduced motility, decreased
NF-kB p65 phosphorylation and TWIST1 expression (Fig.
8c). Consistent with an action of TLR4/MYDS88 axis
downstream of PTX3, recombinant PTX3 failed to rescue
migration of 1205Lu cells that were treated with a MYD88
inhibitory peptide (Supplementary Fig. 11). Finally, we
found that the IKK inhibitor BMS345541 impaired the
autocrine production of PTX3 by 1205lu cells (Fig. 8d).
Together, our results suggest that melanoma-secreted PTX3
could act through a TLR4/MYDS8S8 receptor complex to
promote NF-kB activation, TWISTI and cell migration
(Fig. 8e).

Discussion

Upon tumor microenvironment cues, melanoma cells can
switch between different cell states characterized by MITF
levels and invasive abilities [3—-6]. Using a comparative
mass spectrometry approach to characterize the melanoma
metastatic secretome, we have identified a spectrum of
secreted factors and inflammatory mediators that were
enriched in conditioned medium of human metastatic cells
compared to non-metastatic cells [12]. Here, we further
show that PTX3 is one such factor secreted by the MITF*"

invasive subpopulation of melanomas to promote tumor cell
migration through a TLR4/NF-xB signaling pathway.
Based on our findings, we propose that PTX3 represents a
novel autocrine regulator of melanoma migration and
invasiveness.

Analysis of publicly available gene expression databases
indicated that high PTX3 levels correlated with a minority
of human melanomas that are associated with a shorter
disease-free survival. In addition, our immunohistochemical
analysis showed a marked PTX3 immunoreactivity in a
fraction of stage IV melanoma but not stage III melanoma
tissues, suggesting that high PTX3 expression is associated
with melanoma cells from advanced metastatic disease.
Accordingly, elevated PTX3 levels were also found
increased in blood samples from patients with stage IV
metastatic disease. Interestingly, bioinformatic survey of
melanoma transcriptional signatures correlated P7X3
expression to a MITF'®Y invasive subpopulation of mela-
noma cells. Furthermore, depletion of MITF resulted in
increased PTX3 expression in the MITF"" proliferative
and poorly invasive cell population, suggesting that MITF
could negatively regulate PTX3 expression in melanoma.
The MITF'Y invasive signature has been associated with
intrinsic resistance to drugs targeting mutant BRAF and
MEK [3, 7, 8]. Consistently, PTX3 expression and secretion
was found inversely correlated with MITF expression and
positively correlated with mesenchymal markers, such as
Fibronectin and PDGFR-p, in cultured melanoma cells that
have acquired resistance to the BRAF inhibitor vemur-
afenib. Importantly, high levels of PTX3 and Fibronectin
were also found in a clinical specimen of melanoma that has
relapsed from MAPK targeting therapies. Altogether, these
observations, which link PTX3 expression to a subpopula-
tion of dedifferentiated and invasive MITF®¥ melanoma
cells, underscore the notion that PTX3 may represent a
novel potential indicator of advanced metastatic and/or
drug-refractory melanoma.

The acquisition of migratory and invasive abilities by
melanoma cells involves induction of mesenchymal traits
by transcription factors, including those of the SNAIL,
TWIST, and ZEB families [6, 9-11]. Accordingly, auto-
crine production of PTX3 by invasive melanoma cells was
found to induce an IKK/NFxB signaling pathway that
activated the pro-invasive matrix metalloproteinase MMP-9
and the expression of the EMT-inducing factor TWISTI,
leading to tumor cell migration and invasion. Thus, we
identified PTX3 as a novel crucial regulator of melanoma
cell invasive behavior. These observations appear to be in
striking contrast with a previous study in which PTX3 was
described as an intrinsic oncosuppressive protein in certain
melanoma cells [25]. However, there are consistent with
other studies that have attributed to PTX3 a cancer-
supportive activity. For example, knocking down PTX3 in
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Fig. 8 TLR4/MYD88 a
expression is required for PTX3-
induced melanoma cell
migration. a Transwell
migration assays were
performed on 1205Lu cells
transfected with siCTRL or two
different siTLR4. Immunoblot
analysis shows TLR4 depletion.
HSP60, loading control. Bar
graphs represent mean of
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cervical cancer cells decreases migratory and invasive
abilities in vitro and metastatic potential by inhibiting
MMP-2/9 and the urokinase plasminogen activator (uPA)
[26]. In head and neck squamous cell carcinoma (HNSCC),
autocrine production of EGF-induced PTX3 expression
promotes cell migration, invasion, and lung metastasis
through the upregulation of Fibronectin, MMP-9 and
Vimentin [27, 28]. Remarkably, our results indicate that
overexpression of PTX3 autonomously instigated a migra-
tory and invasive phenotype to poorly invasive MITF"&h
melanoma cells. The observation that recombinant or
melanoma-derived PTX3 increased the migration of poorly
motile melanoma cell lines further suggests that PTX3 acts
both as a paracrine and autocrine factor in the hetero-
geneous melanoma cell population.

Additionally, we have addressed how PTX3 modulates
melanoma cell biological properties. A study showing that
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PTX3 mediates antifungal resistance through TLR4/MD-2-
mediated signaling [21] suggested that PTX3 could exo-
genously promote melanoma migration through a
TLR4 signaling axis. Previous reports showing that mela-
nocytes and melanoma cells express functional TLRs
including TLR4 [22-24], and that TLR4 promotes the
migration of melanoma cells independently of its canonical
agonist LPS [24] further reinforced this hypothesis. Con-
sistently, we found that TLR4 and MYD88 knockdown or
targeting significantly inhibited PTX3-induced melanoma
cell migration and TWIST1 expression. However, whether
melanoma-derived PTX3 directly associates with TLR4 on
the surface of melanoma cells remains to be shown. In
addition, the exact mechanism by which PTX3 regulates
NF-kB-dependent expression of the EMT factor TWIST1
has yet to be determined. It is possible that PTX3 triggers
NF-kB-mediated transcriptional upregulation of TWISTI,
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in similar ways to what was described for TNFa-induced
TWISTI1 expression in breast cancer cells [29]. Interest-
ingly, TLR4 expression has been associated with a shorter
relapse-free survival in cutaneous malignant melanoma
[23], suggesting that a feed-forward PTX3/TLR4/NF-kB
signaling pathway favors melanoma invasive phenotype. In
support of this notion is the finding that IKKa/p activity was
necessary to the autocrine production of PTX3 by invasive
melanoma cells.

PTX3 plays a major non-redundant role in the humoral
innate immunity during complement activation and patho-
gen recognition, inflammatory responses, and tissue repair
[13, 14]. In contrast, its function in tumor development and
metastasis remains largely debated in line with studies
reporting either its oncosuppressive [15, 30] or its protu-
morigenic activity [27, 31-33] (recently reviewed in ref.
[34]. The emerging model for PTX3 implication in tumor-
igenesis points to an extrinsic activity as an oncosuppres-
sive factor in cancer-related inflammation. The production
of PTX3 by tumor microenvironment-associated macro-
phages (TAMs) and endothelial cells was shown to impede
the tumor-promoting inflammation that is driven by com-
plement activation [15]. In addition, PTX3 overexpression
or targeting prevented FGF-dependent tumor angiogenesis
and growth in a variety of cancer models such as prostate
cancers [35, 36], steroid hormone-regulated tumors [37],
and breast cancers [38]. Similarly, in melanoma, PTX3 has
been shown to hamper FGF-driven cell invasiveness and
metastatic potential [25]. On the contrary, our study sup-
ports a role of PTX3 as an intrinsic prometastatic protein
regulating cell motility in a subpopulation of MITFY
invasive melanoma. Our data are consistent with studies
supporting the role of PTX3 as an intrinsic oncogenic
protein in lung [39], head and neck [27], cervical [26], and
gastric [31] cancers. Similar to our findings, studies have
also correlated high levels of tissues and/or circulating
PTX3 in patients with lung [40], breast [38], ovarian [41],
pancreatic [42], liver [43], glioma [44], and prostate [45]
tumors. In addition, PTX3 represents an effector of onco-
genic PI3K signaling that maintains stem cell-like traits in
basal-like breast cancers [33]. Collectively, these observa-
tions suggest that PTX3 represents a pleiotropic cancer
biomarker and a cell context-dependent therapeutic target.

Chronic inflammation is implicated in tumorigenesis and
metastasis through the recruitment and activation of TAMs
that produce inflammatory cytokines, such as TNFa, which
in turn activate the NF-kB pathway [46, 47]. In melanoma,
TNFa was shown to promote NF-kB-dependent BRAF
inhibitor resistance [48] and to suppress MITF expression,
thereby initiating an inflammation-induced dedifferentiation
program [49]. Of note, MITF®" invasive melanoma cells
were also found to secrete high amounts of other inflam-
matory factors, such as IL-6 (Supplementary Fig. 1 and

Supplementary Table 1), which has been involved in
TWIST-dependent cell invasiveness [20], and our in silico
analysis associated high PTX3 expression in melanoma with
a hallmark inflammatory response gene signature. Our
experiments further indicate that targeting PTX3-induced
IKK/NF-kB pathway is effective to reduce melanoma cell
migration. This adds to the list of signaling pathways that
contribute to the regulation of the invasive abilities of
melanoma cells. Altogether, our data support a model in
which a subpopulation of metastatic melanomas have
acquired an autoinflammatory-like phenotype characterized
by an autoamplifying PTX3/TLR4/NF-kB invasive signal-
ing pathway.

In summary, our study supports a key role of tumor-
derived PTX3 for melanoma migration and provides a
rationale for targeting PTX3-mediated NF-kB invasive
signaling as part of a novel therapeutic approach to treat the
metastatic disease.

Materials and methods
Cells, reagents, and plasmids

A375, 1205Lu, MeWo, WM35, WM793, and SKMel28
melanoma cell lines were from ATCC. 1205Lu cells that
were engineered to express a luciferase reporter (1205Lu-
Luc + cells) were described before [12]. Other melanoma
cell lines and patient melanoma cells were obtained as
described before [50]. All cell lines were tested and found to
be mycoplasma-negative. Melanoma cells were cultured in
Dulbecco’s modified Eagle Medium (DMEM) plus 7%
Fetal Bovine Serum (FBS) (Thermo Fisher Scientific).
Conditioned media (CM) from melanoma cells were pre-
pared as previously described [12].

Human umbilical vascular endothelial cells (HUVECs)
were cultured in complete EGM2 Bullet Kit medium sup-
plemented with 2% FBS and full supplements (Lonza). All
other culture reagents and Cell Tracker dyes were from
Thermo Fischer Scientific. The source for other reagents
was as follows: recombinant human PTX3 (Bio-Techne),
MYDS88 Inhibitor peptide (NOVUS Biologicals), IKK
inhibitor BMS345541 (Selleckchem), chemicals (Sigma-
Aldrich). The PTX3 complementary DNA was amplified by
PCR from 1205Lu cells using the primers: Fwd: ACTCG
AGCCACCATGCATCTCCTTGCGATTCTG; Rev: TAG
GATCCTTATGAAACATACTGAGCTCCT and sub-
cloned in the pIRES2-EGFP vector (Takara) using BamHI/
Xhol restriction sites to generate the pPTX3-IRES-EGFP
vector. The PTX3-IRES-EGFP cassette was subsequently
subcloned into the pLPCX retroviral vector using Xhol/Notl
restriction sites to generate the pLPCX-PTX3-pIRES2-
EGFP vector. 501Mel-CTRL and 501Mel-PTX3 cells were
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obtained following pIRES2-EGFP and pPTX3-IRES-EGFP
transfection, respectively and geneticin selection. SKMel28-
CTRL and SKMel28-PTX3 were generated by retroviral
transduction with pLPCX and pLPCX-PTX3-IRES2-EGFP,
respectively, and puromycin selection. The NF-kB lucifer-
ase reporter vector was from BPS Bioscience.

RNAi studies

Negative control and PTX3 siRNA duplexes were designed
by Thermo Fisher Scientific. MITF (sc-35934), MYDS88
(sc-35986), and TWIST1 (sc-38604) siRNAs were from
Santa Cruz  Biotechnology. IKKa, IKKp, and
TLR4 siRNAs were from Dharmacon (CO, USA). Trans-
fection of siRNA was carried out using Lipofectamine
RNAIMAX (Thermo Fisher Scientific) at a final con-
centration of 25 or 50 nM. Unless stated otherwise, cells
were assayed 3 days post transfection. Lentiviral vectors for
stable knockdown of PTX3 (NM_002852) in melanoma
cells were TRC1.5-pLKO.1-puro vectors (shPTX3-1 to 5)
(Genomic center, University of Minnesota, USA). Lenti-
viral, packaging (psPAX2) and enveloppe (pMD2.0 G)
vectors were transfected into HEK293T cells and virus-
containing supernatant fractions were harvested after 72 h.
The supernatant fractions were filtered and used to infect
bioluminescent 1205Lu cells (1205Lu-Luc + ) that were
described before [12]. Transduced cells were selected with
2 ug/ml puromycin for 3 weeks. The efficiency of PTX3
knockdown was assessed by immunoblotting and analysis
of in vitro cell migration using modified Boyden chambers.
The PTX3 knockdown cells that were selected for in vivo
studies were transduced by lentivirus harboring the
shPTX3-5 sequence (TRCN0000149744, 5-CCGGGAGG
AGCTCAGTATGTTTCATCTCGAGATGAAACATACT-
GAGCTCCTCTTTTTTG-3").

Immunohistochemistry and immunoblot analysis

Immunohistochemistry and immunoblot analysis were per-
formed as described before [12]. IHC analysis was per-
formed on melanoma tissue microarrays (US Biomax) using
PTX3 antibody (HPA069320, Sigma-Aldrich; 1:50). For
immunoblotting, the following antibodies were used at
1:1000: SPARC (Bio-Techne), PTX3 (Enzo Life Sciences,
Switzerland), HSP90, HSP60, TLR4, Fibronectin, ERK2
(Santa Cruz Biotechnology), MITF (Thermo Fisher Scien-
tific), TWIST1 (Abcam, UK), SNAIL, phospho-IKKo/f
(Ser176/180), NF-kB p65, phospho-NF-kB p65 (Ser536),
IxkBa (L35A5), phosphor-IkBa (Ser32/36), IKKa, IKK},
MYD88, phospho-AKT (Ser473), phospho-ERK1/2
(Thr202/Tyr204), phospho-PRAS40 (Thr246), phospho-c-
Jun (Ser63) (Cell Signaling Technology).
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Migration, invasion, and in vitro scratch assays

Serum-stimulated chemotaxis, invasion, and transendothe-
lial migration were monitored using modified Boyden
chambers (8 um pores, Sigma) as described before [12]. For
invasion assays, the upper side of the filter was coated with
0.5 mg/ml matrigel (Corning, NY, USA). Migrated cells
were stained with crystal violet and counted (four fields
randomly per well). For transendothelial migration, 10°
HUVECs were grown in the upper chamber of gelatin-
coated Transwell inserts and treated with human TNFa
(10ng/ml) for 16h. Melanoma cells were allowed to
migrate for 6h and migrated cells were visualized and
quantified as before [12]. Pictures of five random fields
were captured for quantification using NIH ImageJ analysis
software. For scratch assays, melanoma cells were grown
~80% confluence in 6-well plates. Wounds were generated
using a sterile 200 pl pipette tip across each well. Following
treatment with thPTX3 or CM, pictures of four random
fields were captured using an imaging station and the
number of migrated cells in wounded area was counted with
NIH ImageJ analysis software.

Spheroid invasion assay and zymography

Melanoma three-dimensional (3D) spheroids were gener-
ated as described [51]. Pictures of migrating cells were
taken at day O and day 3. Relative invasion was determined
using the ImageJ software as the ratio between migration
area at day 3 and migration area at day 0. CM from mela-
noma cells were analyzed by collagen zymography as pre-
viously described [52].

Promoter reporter assay

Melanoma cells were transfected with NF-xB-luciferase and
B-Galactosidase reporter plasmids. Forty-eight hours after
transfection, cells were lysed and luciferase and
[B-galactosidase activities were measured as described before
[53]. Relative NF-xB promoter activity was calculated fol-
lowing normalization against p-galactosidase activity.

In vivo experiments and immunostaining

All mouse experiments were carried out in accordance with
the Institutional Animal Care and local ethics committees.
For experimental lung metastasis studies, 5-week-old
female nude mice (Harlan) were intravenously injected
with 1205Lu-Luc+ cells (1 x 106) that were transduced with
a non-targeting shRNA lentivirus (shCTRL) or a PTX3-
targeting shRNA lentivirus (shPTX3-5). Images were
acquired using a Photon Imager (Biospace Lab) on mice
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injected i.p. with 50 mg/kg D-luciferin (PerkinElmer). Lung
metastasis was monitored and quantified using BLI [12]. In
a second set of experiments, short-term lung colonization
assays were performed with Cell Tracker Orange-stained
501Mel cells stably expressing PTX3 or not. Cells were
intravenously injected in 5-week-old female nude mice that
were sacrificed either 30 min or 24h later. Lungs were
perfused with PBS, fixed in 4% paraformaldehyde, OCT-
embedded, cryosectioned, immunostained and imaged
using a confocal microscope as described [12].

ELISA assay

The levels of PTX3 in CM of melanoma cell lines or in
human serum samples were measured using the human
PTX3 Quantikine ELISA kit (Bio-Techne) as per the man-
ufacturer’s protocol. Serum samples were obtained from
consenting metastatic melanoma patients through the Der-
matology Department of Nice University Hospital (Nice,
France) or from healthy volunteers as controls. Results are
from two independent experiments performed in triplicate.

Analysis of gene expression from human databases

Publicly available gene expression data sets of human
melanoma samples were used to analyze PTX3 levels in
melanoma progression (GSE3189). From GEO database,
we also examined the Mannheim (GSE4843), Philadelphia
(GSE4841), and Zurich (GSE4840) cohorts. Proliferative
and invasive melanoma subgroups were defined according
to literature mined gene signatures [4]. Gene expression of
PTX3 was also examined in data sets derived from patient
tumor biopsies before and after development of drug
resistance to Vemurafenib (GEO accession number
GSES50535) [54]. Normalized data were analyzed using
GraphPad Prism (GraphPad software, CA, USA). Survival
data from the skin melanoma TCGA database were
retrieved using cBioPortal (cbioportal.org). Gene set
enrichment analysis (GSEA) was performed as described
before [55].

Statistical analysis

Unless otherwise stated, all the experiments were repeated
at least three times and representative data/images are
shown. Statistical data analysis was performed using
GraphPad  Prism  software. ~ Unpaired two-tailed
Mann—Whitney tests or two-way ANOVA tests with Bon-
ferroni post-tests were used for statistical comparisons.
Error bars are mean + s.e.m.
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