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Abstract

An interactive crosstalk between tumor and stroma cells is essential for metastatic melanoma
progression. We evidenced that ESDN/DCBLD2/CLCP1 plays a crucial role in endothelial cells
during the spread of melanoma. Precisely, increased extravasation and metastasis formation was
revealed in ESDN-null mice injected with melanoma cells, even if the primary tumor growth,
vessel permeability, and angiogenesis were not enhanced. Interestingly, improved adhesion of
melanoma cells to ESDN-depleted endothelial cells was observed, due to the presence of higher
levels of E-selectin transcripts/proteins in ESDN-defective cells. In accordance with these results,
anticorrelation was observed between ESDN and E-selectin in human endothelial cells. Most
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importantly, our data revealed that cimetidine, an E-selectin inhibitor, was able to block cell
adhesion, extravasation, and metastasis formation in ESDN-null mice, underlying a major role of
ESDN in E-selectin transcription upregulation, which according to our data may presumably be
linked to STAT3. Based on our results, we propose a protective role for ESDN during the spread of
melanoma and reveal its therapeutic potential.
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1. Introduction

Melanoma is one of the most aggressive and treatment-resistant cancer found in humans,
with a worldwide increase in cases every year [1, 2]. Enormous efforts have been made

to unravel the genetic landscape and the altered gene expression as well as molecular
mechanisms occuring in cancer cells or in the tumor microenvironment (TME), responsible
for tumor formation and progression [3-6] and therapy resistance [7—14]; however,
additional efforts are required to better understand the essential interactions between cancer
cells and TME.

The Endothelial and Smooth muscle cell-Derived Neuropilin-like molecule (ESDN), also
known as discoidin, CUB, and LCCL domain-containing protein 2 precursor (DCBLD?2) or
CUB, LCCL-homology, coagulation factor V/VI1II-homology domains protein 1 (CLCP1),
is a 93-127-kDa transmembrane protein, initially isolated from human coronary artery and
highly metastatic lung cancer cells [15-17]. It resembles neuropilin-1 (NRP1), another
transmembrane receptor that acts as a coreceptor for numerous extracellular ligands, in
particular for SEMAS3A and certain vascular endothelial growth factor (VEGF) isoforms
[18]. Similarly, to NRP1, ESDN regulates VEGF signaling in endothelial cells (ECs).

In particular, its expression promotes VEGF-induced AKT, p42/44, and p38 MAPK
phosphorylation and its downregulation inhibits VEGF-induced EC proliferation and
migration. Moreover, ESDN functions as a positive regulator of VEGFR2 signaling by
binding to it and preventing the formation of complexes between VEGFR2 and its negative
regulators, VE-cadherin, and protein tyrosine phosphatases. Furthermore, ESDN regulates
VEGF-driven developmental and adult angiogenesis. Notably, even if the total body knock-
out mice (ESDN~") are viable and fertile and do not present any major vascular defects in
basal conditions, a significant reduction was observed in VEGF-induced ear and matrigel
angiogenesis in ESDN null animals, along with a parallel reduction in pericytes [19, 20].

We have previously demonstrated that ESDN is well expressed in /7 situ melanomas;
however, its expression is almost lost in the invasive counterpart and it is associated with
poor prognosis [21]. Similarly, ESDN is deregulated in several tumors, such as glioblastoma
[22], lung [16], gastric [23], neuroendocrine [24], colorectal [25], and cervical [26, 27]
cancers. Although previous studies have reported that ESDN plays pivotal role in different
stroma cells in a normal/nontumoral context [15, 17, 19, 20, 28], the mechanism by which

Cancer Lett. Author manuscript; available in PMC 2022 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Coppo et al.

Page 3

ESDN may affect the crosstalk between cancer and stroma cells during tumorigenesis and
disease progression remains unclear.

In the present study, we present data on the role of stroma ESDN in melanoma progression.
In particular, we reveal that melanoma cells can adhere better to ESDN-depleted ECs, due to
enhanced E-selectin expression, with consequent increased cell extravasation and metastasis
formation.

2. Materials and methods

2.1 Mouse model

All experiments performed with live Wild Type and ESDN knockout mice (C57BL/6) [20]
complied with ethical animal care and were approved by the MBC Animal Care Committee
and the Italian Ministry of Health (13/2014-PR to DT, 847/2020-PR to DT).

2.2 Cell cultures

Murine melanoma B16, B16-F10 cell lines were obtained from American Type Culture
Collection (ATCC); we generated GFP-transduced-B16-F10; and all B16 cells were grown
as suggested by ATCC. Murine lung endothelial cells (MLECs) were isolated as described
below and maintained in Medium 199 including GlutaMAX™ supplement, 20% FBS, 100
pg/mL penicillin—streptomycin (all from GIBCO Invitrogen Life Technologies), 1 mg/mL
heparin and 30 pug/mL endothelial cell growth supplement ECGS (all from Sigma-Aldrich).
Human umbilical vein endothelial cells (HUVECS) were generated by Valdembri (protocol
approval for isolation no. 586, Oct 22, 2012 and no. 26884, Aug 28, 2014) and maintained in
standard conditions [29].

2.3 Invivo tumor and metastasis assays

Spontaneous metastasis formation was evaluated in 8-10 week old male and female WT
or ESDN™~ mice injected with 5 x 10° B16-F10 cells (in 200 uL PBS) in the right flank.
Tumor growth was monitored every 2 days. Subcutaneous tumors were surgically removed
3 weeks after injection and weighed. Three weeks postsurgery (6 weeks postinjection),
animals free of any local recurrence were further analyzed for the presence of lung
metastasis. For experimental metastasis assays, 5 x 10° syngeneic B16 or B16-F10 cells
(in 200 pL of PBS) were injected into the tail vein of 8-10 week-old male and female

WT or ESDN~~ mice. Mice were dissected 10 days (B16-F10) or 2 weeks (B16) later.

For cimetidine treatments, ESDN~/~ mice were pretreated for 3 consecutive days with
cimetidine (0.2 mg/g), by intraperitoneal (IP) administrations, and thereafter, B16-F10 cells
were injected in the tail vein. Mice were continuosly IP injected with cimetidine for the
following 12 days and, eventually, the lungs were collected. For all metastasis studies,
lung surface metastases were enumerated in fresh total organs using a Nikon SMZ1000
stereomicroscope. Thereafter, lungs were formalin-fixed, cut in small pieces, paraffin-
embedded, sectioned, and stained with haematoxylin & eosin (H&E). Micrometastases
were evaluated on specimens, with an Olympus BH2 microscope on at least three different
sections.
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2.4 In vivo extravasation assay

Extravasation of 1 x 108 B16 or 5 x 10° B16-F10 CMRA-labeled cells was evaluated
as described by Orso et al. [30]. Mice that received cimetidine were pretreated for 3
consecutive days by IP injections (0.2 mg/g).

2.5 Invitro adhesion assay

For adhesion assays, 2 x 10° WT, ESDN~~ MLECs, ESDN-silenced (siESDN or shESDN),
or control (siCtrl or shCtrl) HUVECs were seeded in 24-well plates, coated with 0.1% Type
A gelatin from porcine skin (Sigma-Aldrich), and then grown to confluency. Thereafter,

5 x 104 GFP-transduced or CMFDA-labelled B16-F10 cells were added on top of these
HUVECs in a serum-free medium. After 15 min, the nonadherent cells were removed by
washing with PBS, and the adherent cells were fixed in 4% paraformaldehyde, photographed
using Zeiss Axiovert200M microscope (Zeiss), and enumerated with the ImageJ software
(http://rsbweb.nih.gov/ij/). In some cases, MLECs were pretreated with PBS or cimetidine
(500 pM) for 6 h before tumor cell plating.

2.6 HUVECSs correlation analyses

To assess a potential ESDN and E-selectin anticorrelation, normalized expression values of
mRNA data from HUVECs in 400 different siRNA-mediated knockdowns were downloaded
from the GEO dataset GSE27869 [31] using the Bioconductor package GEOquery [32]. All
analyses were performed with R [33] using the packages stats (Im) and ggplot2 [34].

2.7 Statistical analyses

Unless otherwise noted, data are presented as mean + standard error of the mean (SEM) and
the two tailed Student’s t test was used for comparison, with * = p< 0.05; ** = p< 0.01; ***
= p<0.001 were considered to be statistically significant. NS indicates a nonstatistically
significant p-value.

All reagents, antibodies, vectors, and primer sequences used in this study, as well as detailed
experimental procedures are described in the Supplementary Materials and Methods section.

3. Results

3.1 Absence of stroma ESDN favors in vivo metastasis formation and extravasation
without affecting tumor growth of melanoma cells

Since ESDN is highly expressed in endothelial cells (ECs) and is downregulated in
numerous tumors, including malignant melanomas, we investigated the role of stroma ESDN
during melanoma progression. In particular, we analyzed tumor growth and dissemination
of B16-F10 mouse melanoma cells in C57BL/6 ESDN knockout (ESDN~/7) mice. Cells
were injected subcutaneously in the flank of syngeneic Wild Type (WT) or ESDN~/~ mice,
and thereafter, the tumors were surgically removed 3 weeks postinjection and weighed. No
difference in tumor size was observed for the two groups of animals (Fig. 1A, top graph);
however, when lung metastasis formation was analyzed in local-recurrence free animals,

3 weeks postsurgery (6 weeks postinjection), metastatization was markedly increased in
ESDN™~ mice compared to the controls, and was measured as number of lung surface
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metastasis or percentage (%) of the metastatic area/lung areas (Fig. 1A, bottom graphs).
Moreover, B16-F10 or B16 cells were injected in the tail vein of WT and ESDN~/~ mice;
ESDN protein levels of these cells were measured before injection via Western Blot (WB)
analysis, and are illustrated in Figure S1A. Lung nodule formations were evaluated as for
Fig. 1A and shown in Fig. 1B and S1B. Similarly, dissemination was more pronounced

in ESDN™~ than that in WT mice. Importantly, extravasation of tail vein injected CMRA-
labeled cells was more pronounced in ESDN™~ mice, as evaluated 48 h later (Fig. 1C and
S1C; images b, e, f, and bottom graphs); however, no difference in cell lodging was observed
2 h postinjection (Fig. 1C, images a, ¢, d, and top graph; Fig. S1C, images a, ¢, d, and top
graph). Interestingly, when B16 cells were positively silenced for ESDN (pLKO.1-shESDN)
(Fig. S2A) and were injected in the tail vein of WT or ESDN-null animals, no difference

in lung metastatization was observed compared to the empty control cells (pLKO.1-empty)
(Fig. S2B). Collectively, these results reveal increased metastatization and extravasation of
melanoma cells in absence of stroma ESDN. Nevertheless, silencing of ESDN in tumor cells
does not affect dissemination in mice.

3.2 Absence of stroma ESDN does not alter vessel function in subcutaneous tumors and

lungs

We hypothesized that increased metastatization and extravasation could be linked to altered
angiogenesis and/or increased vascular permeability; however, as illustrated in Figure S3A,
no increase in vessel/ numberwas evidenced in B16-F10-derived subcutaneous tumors grown
in ESDN~/~ mice, compared to controls (CD31 staining, graph and images), but a slight
decrease was observed. For vessel permeability, no difference in leakage was observed in
the same tumors (or lungs and livers) following tail vein injections of Texas Red-conjugated
Dextran (40-kDa) or Evans’ blue, as illustrated in Figure S3B—-C. Brain was used as a
negative control for Evans blue since the dye is unable to cross the blood—brain barrier.
Similarly, no difference in lung vasculature permeability was observed using Evans Blue
when mice were injected in the tail vein with CMRA-labelled B16 cells 48 h before

(Fig. S3D). In summary, our results revealed no increase in tumor angiogenesis or vessel
permeability in tumors, lungs, or livers in ESDN~/~ versus WT mice.

3.3 Increased adhesion of melanoma cells to ESDN-depleted endothelial cells correlates
with increased E-selectin expression

Next, we evaluated adhesion of melanoma cells on ECs in presence or absence of ESDN.
Therefore, we isolated and characterized MLECs from ESDN™/~ and WT mice (Fig. S4A-F)
and assessed the adhesion of GFP-transduced B16-F10 cells on MLECs monolayers. As
illustrated in Figure 2A, melanoma cells could effectively adhere on ESDN™~ MLECs than
on their WT counterparts. In order to identify the responsible players, the expression of

a subset of adhesion and angiogenesis molecules was analyzed, and a significant increase

in E-selectin mRNA and protein expression was found in ESDN~/~ MLECs (Fig. SSA-B).
This upregulation was further increased when ESDN™~ MLECs were isolated from mice
previously injected in the tail vein with B16-F10 cells at 6, 24, 48 h (Fig. 2B), thereby
suggesting a link between increased adhesion and opposite E-selectin/ESDN expression
(Fig. S5C). Similarly, an increased expression of E-selectin was observed in ESDN silenced
(SIESDN) HUVEC:S (Fig. 2C), combined with its accumulation on the plasma membrane
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(Fig. 2D), and with improved adhesion of CMFDA-labelled B16-F10 cells on silenced
HUVECs (Fig. 2E and S6A). Moreover, an anticorrelation between E-selectin and ESDN
MRNA expression was found in a dataset (GSE27869) of 400 different siRNA-mediated
knockdowns on HUVECs (Fig. 2F). All our results suggest an inverse correlation between
the expression of E-selectin and ESDN in mouse or human ECs.

3.4 Blockage of E-selectin by cimetidine prevents adhesion of melanoma cells to
endothelial cells in vitro as well as extravasation and metastasis formation in vivo.

To assess the role of increased E-selectin expression on ECs during melanoma progression,
we inhibited E-selectin function with cimetidine, a competitive histamine H2-receptor
antagonist that blocks cancer metastasis formation by inhibiting the expression of E-selectin
on the surface of ECs, thus preventing tumor cell adhesion [35]. As illustrated in Figure 3A,
the control (Ctrl) conditions revealed increased adhesion on ESDN™~ MLECs; whereas, in
presence of cimetidine, no further increase in adhesion was observed, thereby suggesting
that adhesion between melanoma and ECs is mediated by E-selectin. When melanoma cell
dissemination was evaluated in ESDN~/~ mice previously treated with PBS or cimetidine,
no increase in extravasation and lung metastasis formation was observed, as illustrated in
Figure 3B-C; herein, the number of extravasated cells or metastasis formation (measured as
surface lung metastases or percentage, %, of metastatic areas) were evaluated, respectively,
48 h or 12 days posttail-vein injections. To note that cell lodging was equal, as evaluated

at 2 h. In Fig. 3B, whole lungs (a—d) are depicted; whereas Figure 3C reveals whole lungs
(a, b) and H&E stainings (c, d). Collectively, these data suggest that blockage of E-selectin
by cimetidine in ESDN~/~ MLECs impairs melanoma adhesion on ECs and consequent
dissemination.

3.5 Increased E-selectin expression in ESDN-depleted endothelial cells depends on
STAT3 activation

To verify that the up-regulation of E-selectin mRNA observed in ESDN-depleted cells

was, in fact, transcriptional, we evaluated E-selectin transcription in ESDN-silenced
(SIESDN) versus control (siCtrl) HUVECS in presence of the mRNA synthesis inhibitor
5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB); no increase in E-selectin mRNA
was found (Fig. 4A), suggesting a transcriptional regulation. Therefore, we assessed the
relevant transcriptional players by analyzing the regulatory region of the human E-selectin
gene via bioinformatics tools. Here, we evidenced a high score predicted STAT3 site, 5920
base pairs (bps) upstream of the transcription start site (TSS) (Fig. 4B), and therefore,

we evaluated the expression and activation of STAT3 in ESDN-depleted ECs (SIESDN

or shESDN) compared to controls (siCtrl or shCtrl). Opposite expression of ESDN and
E-selectin mRNA and protein was observed (Fig. 4C-D and S6B), but no difference in
STAT3 levels was detected; however, STAT3 phosphorylation (P-Stat3 Y705) was increased
in ESDN-depleted cells (Fig. 4D and S6B). Moreover, when STAT3 was silenced (siStat3)
in ESDN-depleted HUVECS, no significant increase of E-selectin mRNA was observed
compared to the controls (siC), (Fig. 4E-F), thereby suggesting the relevance of STAT3 in
E-selectin transcription. In accordance with the aforementioned findings, no increase was
observed in adhesion of CMFDA-labelled B16-F10 cells on a monolayer of STAT3-silenced/
ESDN-depleted HUVECs compared to that in STAT3-expressing (siC) cells (Fig. 4G).
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Accordingly, more STAT3 was found in the nucleus of SiESDN HUVECs compared to siCtrl
cells (Fig. 4H), thereby suggesting increased translocation from the cytoplasm. In summary,
our data reveal the efficacy of STAT3 in ESDN-mediated E-selectin transcription regulation.

4. Discussion

We investigated the role of ESDN/DCBLD2/CLCP1 in melanoma progression and
unraveled its essential function in TME. In particular, ESDN depletion in the
microenvironment led to strong cancer cell dissemination, although no effect was observed
on the xenotransplants. This was due to increased adhesion of melanoma cells to ESDN-
depleted ECs and enhanced extravasation, due to the STAT-3-dependent upregulation of
E-selectin transcription (Fig. 5).

Moreover, ESDN can mediate tumor progression via regulation of cancer cell proliferation,
migration, and invasion; however with contradictory interventions in different cancers. For
instance, ESDN acts as an oncogene in lung cancers and glioblastomas [16, 17, 22, 36]
and as a tumor suppressor in gastric cancer [23]. While the role of ESDN in tumor cells
has been well explored, this is the first study to explore its role in TME. We previously
demonstrated that ESDN protein was highly expressed in /n situ human melanomas;
however, its expression diminished in invasive melanomas and was inversely correlated
with increased tumor thickness and associated with poor prognosis [21]. Interestingly, no
ESDN expression was found in stroma cells for all primary melanomas analyzed [21]

(and unpublished data). These evidences, collectively with the fact that downmodulation of
ESDN in B16 murine melanoma cells (Fig. S2) did not affect metastasis formation at all,
while stroma ESDNdepletion did, underline the relevance of ESDN in TME.

In the present study, we used B16 and B16-F10 murine melanoma cell lines in order to
work on immunocompetent syngeneic systems (these cells and our ESDN~/~ mice were
both C57BL/6); however, notably, while B16 cells contain inactivating Cdkn2a mutations,
only few activating BRAF mutations and regular PTEN expression are present. Hence,

they do not completely represent human melanomas, in which BRAF mutations and

PTEN inactivation are present quite often [37]. Moreover, B16-derived tumors proliferate

at high rate in C57BL/6 mice, and thus, invalidate long-term analysis of metastatization
[38];however, we addressed this issue by removing the primary masses at an early

stage. Nevertheless, we believe that new murine models that share substantial similarities
with human melanomas are needed to improve our understanding of this fatal disease.
Furthermore, B16 melanoma cells are pigmented, and this could alter the crosstalk between
melanoma and stroma cells [39, 40]. In particular, induction of melanin pigmentation leads
to stimulation of HIF-1a expression with the consequent activation of HIF-dependent target
genes involved in angiogenesis and cellular metabolism, which could further affect the
behavior of melanoma cells and their interactions with TME [41, 42]. This is another reason
for including nonpigmented cells in future studies related to melanoma progression.

To the best of our knowledge, the malignant phenotype of melanomas is influenced by
the crosstalk occuring between tumor cells and TME [9-11, 43-45]. ESDN plays a pivotal
role in different stroma cells. For instance, it modulates the PDGF- and VEGF-induced

Cancer Lett. Author manuscript; available in PMC 2022 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Coppo et al.

Page 8

proliferation and migration in vascular smooth muscle cells and in ECs, respectively, thereby
acting as a regulator of VEGF signaling [19, 20]. Here, we observed that ESDN-depletion in
ECs favored melanoma cell adhesion and extravasation, thereby suggesting a role for ESDN
downmodulation specifically in ECs during melanoma progression, without influencing the
vessel permeability or improving angiogenesis.

Our findings suggest that improved metastatization/extravasation in ESDN-depleted mice
depends on enhanced adhesion of melanoma cells to the ECs due to increased levels of
E-selectin, an adhesion transmembrane glycoprotein exclusively expressed on ECs, mainly
in response to local activations [46], which is highly relevant for EC functions [47], in
particular for coordinating leukocyte trafficking [48] and tumor cell rolling, adhesion, and
extravasation [49-51]. Accordingly, colorectal cancer dissemination was attenuated when
endothelial E-selectin was inhibited [52]; however, E-selectin expression was increased

on HUVEC: following the interaction with human melanoma cells [53] and on mouse
vascular cells in animals carrying extended B16-F10-derived pulmonary metastastatization
[54]. Importantly, when we blocked E-selectin with its inhibitor cimetidine, melanoma
metastasis formation as well as all metastatic traits were hampered. Similarly, cimetidine
blocks adhesion of colorectal [52], gastric [55], renal [56] and breast [57, 58] cancer cells
to ECs and suppresses the formation of hepatic metastases in mouse [52], by inhibiting
E-selectin. More importantly, cimetidine has already been used successfully to treat patients
with colorectal or renal cancers or melanomas [59-62].

Notably, the expression of adhesion molecules on ECs, such as E-selectin, depends on the
stimulation of cytokines, such as IL-1p and TNF-a released in response to inflammation

or vessel damage to allow the recruitment of immune cells [63]; however, inflammatory
cytokines can also be secreted by cancer cells. For instance, human colorectal carcinoma
CX-1 and murine carcinoma H-59 cells are able to induce E-selectin expression on the
liver endothelium, which favors liver metastasis formation by increasing tumor cell arrest
and extravasation [64]. Interestingly, the binding efficiency of colorectal cancer cell lines
to E-selectin on ECs is directly proportional to their respective metastatic potential [65]. In
our model, we observed E-selectin upregulation in basal condition, although it was weaker
compared to that occurring in presence of tumor cells; this upregulation was linked to
STATS3, a transcription factor [66], constitutively activated in ESDN-silenced cells, which
was previously found to be responsible of E-selectin mRNA expression [67]. In particular,
our bioinformatics analysis revealed a high-score predicted STAT3 binding site upstream of
the E-selectin TSS (-5920 bps). Moreover, we demonstrated that, in HUVECs, E-selectin
transcription was suppressed following STAT3 inhibition, thereby proving the relevance of
STAT3 activation, which could be linked to the activation of cytokine receptors, such as
IL-6R [68] or tyrosine kinase receptors, such as EGFR, VEGFR, PDGFR, or INSR [19, 20,
22, 28, 69, 70].

Collectively, our results reveal an inverse correlation between E-selectin and ESDN
expression in ECs. We assume that ESDN expression is physiologically high in ECs and
helps in maintaining the required levels of activated STAT3, thereby promoting basic E-
selectin transcription. In melanomas, primary tumor cells may modulate the premetastatic
niche formation by secreting various cytokines and growth factors, which could affect
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the ESDN/E-selectin/STAT3 expression in ECs to promote adhesion, extravasation, and
metastasis formation. Furthermore, circulating melanoma cells via secretion of cytokines
and growth factors as well as a direct melanoma-endothelial cell contact could regulate the
ESDN/E-selectin/STAT3 axis and promote metastasis [71, 72], a scenario which requires
further investigations.

In conclusion, we evidenced that a ESDN-depleted TME is able to influence melanoma
progression by promoting tumor cell extravasation and metastasis formation, mostly due

to improved adhesion of melanoma cells to ECs via increased E-selectin transcription via
activation of STAT3. Thus, our findings suggest the possible therapeutic interventions on the
ESDN/E-selectin/STAT3 axis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 —. Stromal ESDN protects from melanoma cell extravasation and metastasis formation

but does not affect primary tumor growth in mice.
(A) B16-F10 cells were injected subcutaneously into the flank of syngeneic WT and

ESDN™~ mice. Tumors were surgically removed 3 weeks after injections and analyzed;
lung metastasis formation was evalutated 3 weeks postsurgery (6 weeks postinjections).
Graphs refer to tumor weight (mg), number of lung surface metastasis, or percentage (%) of
metastatic areas (24 fields over 6 sections per animal) presented as mean = SEM. (B) B16-
F10 cells were injected into the tail vein of syngeneic WT and ESDN~/~ mice. Experimental
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lung metastasis formation was evaluated 10 days postinjection. (A, B) Representative
pictures of the whole lungs (a, b; scale bar = 2 mm) or of H&E-stained lung sections

(c, d; bar = 500 um) are depicted; arrows indicate metastasis formations. (C) CMRA-labeled
(red) B16-F10 cells were injected into the tail vein of syngeneic WT and ESDN~/~ mice and
extravasation was evaluated 2 (a, ¢, d) or 48 (b, e, f) h later. (a, b) Representative fields of
murine lung sections stained for CD31 (green) to highlight blood vessels and counterstained
with DAPI (blue). Arrows indicate cells within (a) or outside (b) the vessels; scale bar: 10
um. (c—f) Representative pictures of whole lungs containing red cells; scale bar: 1 mm. Top
graph represents the lodging of injected cells at 2 h as mean of fluorescence intensity +
SEM, whereas bottom graph presents the number of extravasated cells in the whole lungs at
48 h as mean £ SEM. (A-C) Two or three independent experiments were performed and a
representative one is illustrated. 7= number of animals; SEM = standard error of the mean;
H&E = haematoxylin & eosin; WT = wild type; mg = milligrams; CMRA = CellTracker™
Orange; CD31 = cluster of differentiation 31; DAPI = 4’,6-diamidino-2-dhenylindole. * = p
<0.05; ** = p<0.01; *** = p< 0.001 considered to be statistically significant. NS indicates
a nonstatistically significant p-value.
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Figure 2 —. Depletion of ESDN in endothelial cells favors melanoma cell adhesion and E-selectin
expression upregulation.

(A) Evaluation of /n vitroadhesion of B16-F10-GFP cells (a—d) on a confluent monolayer
of WT (a, ¢) and ESDN™~ (b, d) MLECs 15 min after seeding. Representative images of
confluent WT (a) or ESDN ™~ (b) MLECs and adherent B16-F10-GFP (c, d) cells; scale
bar = 30 um. Graph refers to the number (mean £ SEM) of tumor adherent cells per field
(mm?). (B) E-selectin mRNA level analysis in MLECs isolated from WT and ESDN™~
mice, noninjected (basal) or 6, 24, and 48 h after tail vein injections of CMRA-labeled
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B16-F10 cells via gRT-PCR. Results are presented as fold changes (mean + SEM) relative
to WT noninjected samples at time 0, normalized on p-actin mRNA levels. (C) E-selectin
and ESDN expression in siCtrl and siESDN HUVECS in basal conditions evaluated by
WB analysis. Protein expression has been normalized to GAPDH loading control and
modulations of siESDN-transfected cells are expressed as percentages (%) relative to siCtrl
samples. (D) Representative images of confocal XY and XZ sectioning of E-selectin (green)
cell surface localization in ESDN-silenced (SiESDN) or control (siCtrl) HUVECS; scale bar
XY =25 um; XZ= 3 um. Graph refers to the normalized mean florescence intensity (MFI)
evaluated on 10 cells analyzed in one representative experiment, out of two performed. (E)
Evaluation of in vitro adhesion for CMFDA-labeled B16-F10 cells (a—d) on a confluent
monolayer of control (siCtrl; a, ¢) and ESDN-silenced (SIESDN; b, d) HUVECs 15 min
after seeding. Representative images of siCtrl (a) or SiESDN (b) HUVECs and adherent
CMFDA-labeled B16-F10 (c, d) cells are depicted; scale bar = 30 um. Graph refers

to the number (mean + SEM) of tumor adherent cells per field (mm?2). (F) Analysis

of ESDN and E-selectin mRNA expression in a dataset (GSE27869) of 400 different
siRNA-mediated knockdowns on HUVECs. The dot plot superimposing the regression

line represents normalized expression and represents an expression anticorrelation. The
shaded area represents the 0.95 standard error confidence interval of the regression

model predictions. Coefficient of determination RZ and Pvalue are indicated. (A-D) Two
independent experiments were performed in triplicate and a representative one is presented.
SEM = standard error of the mean; ECs: endothelial cells; GFP = green fluorescent
protein; WT = wild type; WB = western blot; 7= number of samples; MLECs = mouse
lung endothelial cells; HUVECs = human umbelical vein endothelial cells; CMFDA =
CellTracker™ Green. * = p< 0.05; ** = p< 0.01; *** = p< 0.001 considered to be
statistically significant.
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Figure 3 —. The E-selectin inhibitor cimetidine blocks melanoma cell adhesion on endothelial
cells in vitro and extravasation as well as metastasis formation in mice.

(A) Evaluation of /n vitro adhesion of B16-F10-GFP cells (a—h) on a confluent monolayer
of WT (a, b, e, f) and ESDN~ (c, d, g, h) MLECs, pretreated with PBS or cimetidine

(500 uM) for 6 h, 15 min after seeding. Representative images of confluent WT (a, €) or
ESDN™" (c, g) MLECs and adherent B16-F10-GFP (b, d, f, h) cells are depicted; scale

bar = 30 um. Graph refers to the number (mean = SEM) of tumor adherent cells per field
(mm?). (B) CMRA-labeled (red) B16-F10 cells were injected into the tail vein of syngeneic
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ESDN~/~ mice pretreated for 3 days with cimetidine (0.2 mg/g of body weight) or PBS
and extravasation was evaluated 2 (a, b) or 48 (c, d) h later. (a—d) Representative pictures
of whole lungs containing red cells; scale bar: 1 mm. Top graph represents the lodging of
injected cells at 2 h as mean of fluorescence intensity £ SEM; bottom graph reveals the
number of extravasated cells in the whole lungs at 48 h as mean + SEM. (C) B16-F10

cells were injected into the tail vein of syngeneic ESDN~/~ mice pretreated for 3 days

with cimetidine (0.2 mg/g of body weight) or PBS and treated every day until the end of
the experiment (12 days postinjection) when experimental lung metastasis formation was
evaluated. Representative pictures of the whole lungs (a, b; scale bar = 2 mm) or of H&E-
stained lung sections (c, d; bar = 500 um) are shown; arrows indicate metastasis formations.
Graphs refer to number of lung surface metastasis or percentage (%) of metastatic areas
(24 fields over 6 sections per animal) presented as mean + SEM. (A-C) Two independent
experiments were performed and a representative one is illustrated. MLECs = mouse lung
endothelial cells; ctrl = control, PBS-treated; /7= number of animals; SEM = standard error
of the mean; H&E = hematoxylin & eosin; WT = wild type. * = p< 0.05; ** = p< 0.01;
***= < 0.001 considered to be statistically significant. NS indicates a nonstatistically
significant p-value.
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Figure 4 —. ESDN coordinates E-selectin expression via STAT3.
(A) Analysis of transcription for ESDN and E-selectin in HUVECs previously transfected

with a control siRNA (siCtrl) or a sSiRNA against ESDN (siESDN) via gRT-PCR following 6
h treatment with DMSO or DRB. Results are presented as fold changes (mean = SEM)
relative to siCtrl-transfected cells. (B) Bioinformatics analysis on E-selectin regulatory
region: a STAT3 binding site is predicted at —-5920 bps upstream of the TSS. (C, D)
Respectively, mRNA and protein expression analysis for ESDN, E-selectin, STAT3, and P-
STAT3 (Y705) in HUVECs previously transfected with a control siRNA (siCtrl) or a sSiRNA
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against ESDN (SiESDN) via gRT-PCR or WB. (C) Results are shown as fold changes (mean
+ SEM) relative to siCtrl-transfected cells, normalized on B-actin mRNA levels. (D) Protein
expression has been normalized to GAPDH loading control and modulations of sSiESDN-
transfected cells are expressed as percentages (%) relative to siCtrl samples. (E) mMRNA
analysis for E-selectin in HUVECS previously transfected with a control siRNA (siCtrl) or
a siRNA against ESDN (siESDN) and further treated with another control siRNA (siC) or a
SiRNA against STAT3 (siStat3) via qRT-PCR. Results are depicted as fold changes (mean £
SEM) relative to siCtrl/siC-transfected cells, normalized on B-actin mRNA levels. (F) The
same cells as in (E) have been used to evaluate protein expression for ESDN, E-selectin,
STAT3, and P-STAT3 (Y705) by WB. Protein expression has been normalized to GAPDH
loading control and modulations of sSiESDN-transfected cells are expressed as percentages
(%) relative to their siCtrl samples. Evaluation of STAT3 silencing: lane 4 versus lane 2.
(G) Evaluation of /n vitro adhesion of CMFDA-labelled B16-F10 cells (a—h) on a confluent
monolayer of HUVECS previously transfected as in (E) 15 min after seeding. Representative
images of confluent HUVECs (a, b, e, f) and adherent green B16-F10-CMFDA (c, d, g, h)
cells are shown; scale bar = 30 um. Graph refers to the number (mean = SEM) of tumor
adherent cells per field (mm?). (H) Representative pictures of STAT3 immunofluorescent
stainings (green) and TO-PRO-3 lodide counterstaing (red) in ESDN-silenced (SiESDN) or
control (siCtrl) HUVECS; scale bar = 25 um. Graph refers to the mean fluorescent intensity
(MFI) of STAT3-positive nuclei presented as mean + SEM evaluated on 150 cells analyzed
in one representative experiment, out of three performed. TSS = transcription start site;
DMSO = dimethyl sulfoxide; DRB = 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole;
WB = western blot. * = p< 0.05; ** = p< 0.01; *** = p< 0.001 considered to be
statistically significant. NS indicates a nonstatistically significant p-value.
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Figure 5 —. Endothelial ESDN inhibits malignant melanoma dissemination by coordinating
melanoma cell adhesion to the endothelium, extravasation, and metastatization.

Schematic representation of the role of ESDN in endothelial cells (ECs) during

melanoma dissemination. (A) ESDN is physiologically highly expressed in ECs and

helps in maintaining the required levels of activated STAT3, thereby promoting basic E-
selectin transcription. Circulating melanoma cells can bind E-selectin on the endothelium,
extravasate, and seed in distant organs. (B) In ESDN-depleted ECs, the level of activated
STAT3 as well as its concentration in the nucleus increases. Consequently, E-selectin
transcription becomes more pronounced and melanoma cells can better adhere to the
endothelium, become more proficient in the extravasation process, and increased metastasis
formation can be observed in distant organs.
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