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Abstract: Pancreatic cancer (PC) is one of the most aggressive cancers in the world. Several extracellular
factors are involved in its development and metastasis to distant organs. In PC, the protein Annexin
A1 (ANXA1) appears to be overexpressed and may be identified as an oncogenic factor, also because it
is a component in tumor-deriving extracellular vesicles (EVs). Indeed, these microvesicles are known
to nourish the tumor microenvironment. Once we evaluated the autocrine role of ANXA1-containing
EVs on PC MIA PaCa-2 cells and their pro-angiogenic action, we investigated the ANXA1 paracrine
effect on stromal cells like fibroblasts and endothelial ones. Concerning the analysis of fibroblasts,
cell migration/invasion, cytoskeleton remodeling, and the different expression of specific protein markers,
all features of the cell switching into myofibroblasts, were assessed after administration of wild type more
than ANXA1 Knock-Out EVs. Interestingly, we demonstrated a mechanism by which the ANXA1-EVs
complex can stimulate the activation of formyl peptide receptors (FPRs), triggering mesenchymal
switches and cell motility on both fibroblasts and endothelial cells. Therefore, we highlighted the
importance of ANXA1/EVs-FPR axes in PC progression as a vehicle of intercommunication tumor
cells-stroma, suggesting a specific potential prognostic/diagnostic role of ANXA1, whether in soluble
form or even if EVs are captured in PC.

Keywords: extracellular vesicles; exosomes; annexin A1; pancreatic cancer; FPRs

1. Introduction

Pancreatic cancer (PC) remains one of the deadliest cancers worldwide, mainly due to the limited
response to currently available forms of treatments, as demonstrated by the frequently reported poor
clinical outcome and high mortality rate [1,2]. In previous studies, comparative analysis of protein
profiles of PC and normal pancreatic cells have already highlighted a significant over-expression of
Annexin A1 (ANXA1) [3,4]. This protein retains calcium-mediated phospholipid binding properties and
participates in many physiopathological processes including cell proliferation, migration, differentiation
and death as well as inflammation [5–7]. In tumor development, ANXA1 can be considered as a
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tissue-specific oncogene or oncosuppressor [8–10]. During PC progression, it may contribute to the
acquisition of a mesenchymal phenotype by tumor cells, essential for their diffusion in distant sites,
suggesting that the protein may represent a potential PC diagnostic/prognostic marker [11,12].

The different functions attributed to ANXA1 are related to its subcellular localization, for example,
inside the cells, ANXA1 can directly and indirectly promote the cytoskeletal organization [13–15].
ANXA1 can also be secreted in the extracellular environment, even though the mechanisms by which
this occurs are still not well-defined [13]. Furthermore, it has been found that in different cancer cells
including PC cells, ANXA1 is released in both full-length and truncated forms, after having undergone
post-transductional modifications [14,16]. Studies investigating the mechanisms of ANXA1 secretion
have found that this protein is also involved in the biogenesis of extracellular vesicles (EVs). As a
component of these microvesicles enriched in exosomes (40–100 nm diameter), the protein further
contributes to the aggressiveness of PC [17]. Nevertheless, despite the specific mechanism of interaction
of ANXA1/EVs with target cells remaining poorly understood [18], it has been elucidated that the
autocrine loop created by ANXA1 on origin/recipient cells is triggered by the protein interaction
with the formyl-peptide receptors (FPRs). The latter are well known receptor partners for ANXA1
on immune and tumor cells [19,20]. Moreover, the activation of the axis ANXA1-FPRs leads to the
migratory responses of PC cells [11,14,15,17,18].

In this study we focused on the paracrine effects of EVs from PC cells, having already shown the
significant contribution of ANXA1 to the in vitro angiogenesis [17]. Indeed, the EVs, mainly exosomes,
seem to play a relevant role in cell-to-cell communication in several physiopathological processes,
including the formation of pre-metastatic niches, thus favoring tumor progression [21,22]. During the
phases of tumor development EVs carry out a pivotal role in creating the contact between PC cells
and stroma [23–25]. Therefore, we hypothesized that the ANXA1-EVs complex could stimulate the
activation of FPRs on fibroblasts and endothelial cells [26–29], triggering mesenchymal switches and
cell motility. Thus, the importance of the axis ANXA1/EVs-FPRs in PC progression was assessed
from a different point of view, and specifically considering the interplays between tumor cells and
stroma. So, in this work the tumor microenvironment has been represented by human fibroblasts
and endothelial cells. Hence, based on the knowledge that these two populations are interconnected
with other ones, such as mesenchymal stem cells and immune cells, future efforts will focus on the
evaluation of a more complex in vivo system, by which we could clarify the potential role of ANXA1
as a prognostic/diagnostic soluble factor, even EVs captured, in the PC model.

2. Material and Methods

2.1. Cell Culture

MIA PaCa-2 cells (ATCC CRL-1420; Manassas, VA, USA) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) containing L-glutamine 2 mM, 10% heat-inactivated fetal bovine serum (FBS),
10,000 U/mL penicillin, and 10 mg/mL streptomycin (Euroclone; Milan, Italy). ANXA1 knock-out (KO)
MIA PaCa-2 cells were created from the wild type (WT) cells through the CRISPR/Cas9 genome editing
system, as reported in [11], and kept in selection by 700µg/mL neomycin (Euroclone; Milan, Italy). BJ cell
line (human immortalized fibroblasts, ATCC CRL2522TM) were cultured in Eagle’s Minimum Essential
Medium (MEM) with 10% FBS, 1% L-glutamine, 1% sodium pyruvate, 1% NEAA and antibiotics.
HUVEC cell line (Human umbilical vein endothelial cell) (ATCC® PCS-100-010TM, Manassas, VA,
USA) was maintained as reported in [12,30] until passage 10. All cells were maintained at 37 ◦C in a
5% CO2-95% air humidified atmosphere.

2.2. Exosome Enrichment

The enrichment of exosomes (to which we will generally refer to as extracellular vesicles, EVs)
obtained from cell culture supernatants was performed as reported in [31]. Briefly, the WT and
ANXA1 KO MIA PaCa-2 cells (1.5 × 105 cm−2, for a total of about 8 × 107 cells), after abundant



Cells 2020, 9, 2719 3 of 18

washing with phosphate buffered saline (PBS), were incubated for 24 h in DMEM medium without
FBS. The conditioned medium was thus collected and centrifuged the first time for 5 min at 300× g
at room temperature (RT) to remove the detached cells. It was recovered and centrifuged again for
10 min at 2000× g at 4 ◦C to remove dead cells, after which it was centrifuged once more at 10,000× g
for another 30 min at 4 ◦C to remove cellular debris. The supernatant was transferred in tubes and
ultracentrifugated for 70 min at 100,000× g at 4 ◦C. Subsequently, the pellet was washed in PBS and
re-ultracentrifuged at 100,000× g at 4 ◦C for 70 min. Finally, the supernatant was removed and the
pellet was re-suspended according to the experimental use.

The amount of exosomes administered to the cells was normalized at 20 µg of WT and ANXA1
KO MIA PaCa-2 EVs through the Bradford assay, as reported in [17]. The normalization allowed for
the administration of the same amount of EV to the cells, derived from the WT and ANXA1 KO MIA
PaCa-2 cells, in all phases of the experiment. All analyses were performed on fresh isolated fractions.

2.3. Western Blotting

Proteins extracted from cells and EVs were examined by Sodium Dodecyl Sulphate - PolyAcrylamide
Gel Electrophoresis (SDS-PAGE). Protein content was estimated according to the Biorad protein assay
(BIO-RAD, Hercules, CA, USA), as previously described [17]. We have analyzed primary antibodies against
rabbit polyclonal ANXA1 (1:10,000; Invitrogen; Carlsbad, CA, USA), calreticulin (1:1000; Elabscience;
Houston, TX, USA), and mouse monoclonal TSG101 (1:1000; ThermoFisher Scientific; Waltham, MA, USA),
CD81 (1:200; Becton Dickinson Labware, Franklin Lakes, NJ, USA), CD63 (1:200; Biolegend; San Diego, CA,
USA), and GAPDH (mouse monoclonal, 1:1000; Santa Cruz Biotechnologies, Dallas, TX, USA). The blots
were exposed to Las4000 (GE Healthcare Life Sciences; Little Chalfont, UK).

2.4. Wound-Healing Assay

A wound was produced on the confluent monolayer of BJ and HUVEC by scraping the cells with
a pipette tip. Subsequently, the cells were treated according to the experimental points. Mitomycin C
(10 µg/mL, Sigma-Aldrich; Saint Louis, MO, USA) was further added to ensure the block of mitosis.
The wounded cells were analyzed as reported in [32]. The values we show represent the average of
the measured distances of five different positions for which ten cells were selected on both sides of
the wound.

2.5. Invasion Assay

BJ and HUVEC invasiveness was studied using the trans-well cell culture (12 mm diameter, 8.0-fim
pore size) purchased form Corning Incorporated (New York, NJ, USA), as previously described [30,33].
In the lower chamber of each well were added the treatments as established in the experimental points.
Mitomycin C (10 µg/mL, Sigma-Aldrich; Saint Louis, MO, USA) was included to ensure the arrest of
mitosis. Staining and analysis procedures were performed as reported in [34].

2.6. Confocal Microscopy

BJ and HUVEC cells, fixed in p-formaldehyde (4% v/v in PBS; Lonza; Basilea, Swiss),
were permeabilized with Triton X-100 (0.5% v/v in PBS; Lonza; Basilea, Swiss), blocked with goat serum
(20% v/v in PBS; Lonza; Basilea, Swiss). Next, cells were incubated O/N at 4 ◦C with antibodies against
VEGF (rabbit polyclonal, 1:100; Santa Cruz Biotechnologies, Dallas, TX, USA), αSMA (rabbit polyclonal,
1:100; Cusabio Life Science, College Park, MD, USA), VE-cadherin (mouse monoclonal, 1:100; Santa Cruz
Biotechnologies, Dallas, TX, USA), FAP1α (rabbit polyclonal, 1:100; Santa Cruz Biotechnologies, Dallas,
TX, USA), fibronectin (mouse monoclonal, 1:100; Abcam, Cambridge, UK), Col1A (mouse monoclonal,
1:100; Santa Cruz Biotechnologies, Dallas, TX, USA), FGF-2 (rabbit polyclonal, 1:100; Santa Cruz
Biotechnologies, Dallas, TX, USA), vimentin (mouse monoclonal, 1:250; Santa Cruz Biotechnologies,
Dallas, TX, USA), and vinculin (mouse monoclonal, 1:100; Santa Cruz Biotechnologies, Dallas, TX,
USA). F-actin was evaluated by 5 µg/mL of Phalloidin-FITC (Sigma-Aldrich; Saint Louis, MO, USA)
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for 30 min, at RT in the dark. The staining with anti-mouse and anti-rabbit antibodies and the nuclei
and the confocal analysis were performed as described in [17].

2.7. Gelatin Gel Zymography

SDS-PAGE zymography allowed us to detect gelatinolytic activity as reported in [35]. Briefly,
the samples, serum-free supernatants, were prepared in a standard non-reducing loading buffer for
SDS-PAGE. The 0.1% gelatin substrate (for protease detection) was incorporated into the resolution
gel during the preparation of the 10% polyacrylamide gel. After electrophoresis, performed at 125 V,
the SDS was removed from the gel by incubation in renaturing solution (2.5% Triton X-100) for
1 h, followed by incubation in a special digestion buffer (50 mM of Tris-HCl, pH 7.8, 200 mM of
NaCl, 5 mM of CaCl2, and 5 mM of ZnCl2) for an optimized period of time, at 37 ◦C, which allows
the degradation of the substrate. The gel was subsequently colored with Coomassie Brilliant Blue
R-250 and then bleached with destaining solution (10% methanol and 5% acetic acid). The areas of
digestion appeared as light bands on a dark stained background where the substrate was degraded by
the enzyme.

2.8. Tube Formation Assay

As reported in [36], Matrigel (Becton Dickinson Labware, Franklin Lakes, NJ, USA) mixed with
EGM-2 1:1 was seeded in a 24-well plate on ice and incubated at 37 ◦C for 30 min to allow for gelation.
HUVEC cells were added to the top of the gel at a density of 2 × 104 cells/well in the presence or
absence of the active principles as indicated for each experimental point. The cells were incubated at
37 ◦C with 5% CO2. After 12 h, the images were captured using the EVOS® optical microscope (10×)
(Life technologies Corporation, Carlsbad, CA, USA). Subsequent analyzes, both for the length of each
tube and the number of branches, were carried out using ImageJ software (NIH, Bethesda, MD, USA)
(angiogenesis analyzer for ImageJ).

2.9. Flow Cytometry

BJ and HUVEC cells were harvested at a number of 1 × 106 and analyzed for FPR-1 and FPR-2,
as reported in [36]. Briefly, pellets were incubated for 1 h at RT in PBS 1x containing APC-conjugated
anti-human antibody against FPR-1 (1:250, R&D system, Minneapolis, MN, USA) or PE-conjugated
anti-human antibody against FPR-2 (1:250, R&D system, Minneapolis, MN, USA). The cells were
analyzed with a Becton Dickinson FACScan flow cytometer (Franklin Lakes, NJ, USA) using the Cells
Quest program.

2.10. RNA Isolation and Quantitative Real Time- Polymerase Chain Reaction (RT-PCR)

mRNA levels of BJ and HUVEC cells were analyzed by real-time PCR using the Light Cycler
480 II instrument (Roche, Indianapolis, IN, USA). One µg of total RNA extracted from cells with
Trizol reagent was reverse transcribed into cDNA with Transcriptor First Strand cDNA Synthesis Kit
(Roche, Indianapolis, IN, USA). cDNAs were processed using Light Cycler 480 Syber Green I Master
mix and primers for FPR-1 (Bio-Fab research; Rome, Italy) (5′-GGTGAACAGTCCAG GAGCAG-3′,
3′-ACCTCCCTGTGGACGACATA-5′), FPR-2 (Bio-Fab research; Rome, Italy) (5′-CTGGCTACACTGTT
CTGCGG-3′, 3′-AGCACCACCTGTAGTTGGAG-5′), and Hypoxanthine Phosphoribosyltransferase
1 (HPRT1) (Bio-Fab research; Rome, Italy) (5′-GACCA GTCAACAGGGGACAT-3′, 3′-CCTGACC
AAGGAAAGCAAAG-5′) following the manufacturer’s protocols. Results were analyzed using the
Delta-Delta CT method. A portion (10 µL) of the RT-PCR product was electrophoresed on a 2% agarose
gel in a Tris-acetate-EDTA buffer. The gel was stained with ethidium bromide and exposed to Las4000
(GE Healthcare Life Sciences; Little Chalfont, UK).
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2.11. Statistical Analysis

Data analysis and statistical evaluations were made with Microsoft Excel. For each experiment,
the number of independent repetitions and p values in the legends of the figures were indicated.
All results are the mean ± standard deviation of at least three different experiments performed in
technical triplicate. The statistical data between the experimental points were obtained thanks to the
one-way ANOVA tool. The differences were considered significant if p < 0.05, p < 0.01 and p < 0.001.

3. Results

3.1. Effects of Extracellular Vesicles (EVs) from Wild type (WT) and ANXA1 Knock-Out (KO) MIA PaCa-2
Cells on Fibroblast Migration and Invasion

In order to investigate the role of ANXA1 on EVs-dependent metastatic potential of PC cells,
we studied the paracrine effects of EVs derived by WT and ANXA1 KO MIA PaCa-2 cells on BJ
fibroblasts, one of the cellular components of the tumor microenvironment [37,38]. First, the EVs
obtained from PC MIA PaCa-2 cells were characterized by the presence of TSG101 or the absence of
calreticulin, used as positive and negative controls respectively, as previously described [17]. We also
showed the exclusive EVs and abundant expression of tetraspanins CD63 and CD81, often used for the
detection of secreted microvesicles [39]. Our results also confirmed the different expression of ANXA1,
as revealed by the lack of ANXA1 KO total and EV protein extracts, for both full length and cleaved
forms (Figure 1A).

Figure 1. MIA PaCa-2 extracellular vesicles (EV) effects on BJ cells. (A) Western blot using antibodies
against calreticulin, TSG 101. CD63, CD81, and ANXA1 on the protein content of total cell lysates
and EV fractions extracted from the WT and ANXA1 KO MIA PaCa-2 cells. Protein normalization
and the check of the sample quality were performed on GAPDH levels. Analysis of (B) invasion and
(C) migration distance of BJ cells treated with EVs from wild type (WT) and ANXA1 knock-out (KO)
MIA PaCa-2 cells with relative bright field images. Bar = 50 µm. (D) Gelatin zymography showing
increased gelatinolytic activity of MMP-2 of BJ cells. Zymography was performed using 0.1% gelatin
gel as described in Section 2, followed by Coomassie blue staining. (E) Immunofluorescence analysis to
detect Fibroblast Activated Protein 1α (FAP1α) and vinculin. Nuclei were stained with Hoechst 33342
1:1000 for 30 min at room temperature (RT) in the dark. Magnification 63 × 1.4 numerical aperture
(NA). Bar = 100 µm. Data represent the mean of three independent experiments ± standard deviation
with similar results. *** p < 0.001 treated cells vs. untreated controls; ### p < 0.001 for each point of
ANXA1 KO MIA PaCa-2 cells vs. WT one.
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Once validated, the EV effects on HUVEC motility [17], the BJ cell migration was analyzed by
wound-healing assay as well as the capability of invasion through the coating of Matrigel in transwells.
As shown in Figure 1B,C, BJ cells invaded and migrated more rapidly in the presence of EVs isolated
from WT MIA PaCa-2 cells when compared to those obtained from ANXA1 KO cells and to the
untreated controls. In order to support the results obtained with the invasion assay, we performed a
gel zymography to assess the activity of metalloproteinases 2 (MMP2) (e.g., gelatinolytic enzymes),
secreted by the cells. The degrading activity of BJ MMP2 was significantly increased in the presence of
EVs from WT MIA PaCa-2 compared to the EVs released by ANXA1 KO cells. This kind of signal
appeared evident after 48 and 72 h of treatment (Figure 1D).

Furthermore, the activation of fibroblasts triggers their switch into myofibroblasts. This phenomenon
is related to the increase in the expression of specific protein markers, particularly relevant of which is the
fibroblast activated protein 1α (FAP1α), a member of the group II integral serine proteases, and vinculin,
a cytoskeletal protein of the focal adhesion plaques [40–42]. BJ cells showed a notable increase of levels of
FAP1α expression when treated with EVs from WT MIA PaCa-2, more than ANXA1 KO EV. The WT
EV treatment triggered a marked increase of traction stresses, with an increase in the expression of
vinculin not only with respect to the control cells, but also with respect to the ANXA1 KO EV treated cells.
Furthermore, by this confocal analysis, we proved that fibroblasts acquired more precise and parallel
directionality in the presence of WT EVs than in the presence of ANXA1 KO EV treated cells (Figure 1E).

3.2. Ac2-26 Peptide Promoted Fibroblasts and Endothelial Cells Motility through Formyl Peptide Receptors (FPRs)

It has been observed that the secreted form of ANXA1 stimulates a more aggressive phenotype in
cancer cells by its interaction with FPRs [14–16].

Particularly, the N-terminal mimetic peptide of ANXA1, Ac2-26, is known to be involved in cell
migration and invasion by acting on these receptors [5,6,11,14]. In this study, we assessed these processes
on BJ and HUVEC cells, showing an increase in migration distance (Figure 2A,B, for BJ and HUVEC
cells, respectively) and invasion ability (Figure 2C,D, for BJ and HUVEC cells, respectively) of cells
treated with Ac2-26 or with the natural FPR agonist fMLP (formyl-Methionine-Leucine-Phenylalanine),
compared to the controls. The FPR antagonist Boc-1 (N-tert-butyloxycarbonyl-Met-Leu-Phe), at a
concentration greater than 1 micromolar, acts as a pan-antagonist on the known FPR isoforms [43],
significantly inhibiting the basal and Ac2-26 or fMLP-stimulated migration.

Another aspect considered was the in vitro angiogenesis on HUVEC cells. These cells showed a
higher tendency to form capillary-like structures when treated with Ac2-26 and fMLP to a greater extent
than the control cells. Additionally, Boc-1 has the ability to influence angiogenic activity negatively,
with or without treatment (Figure 2E). These events have been further corroborated by the analysis of
the number of branching points and the relative tube length calculated as reported in Section 2.

3.3. PC Cells-EVs Interact with FPRs on Human Fibroblasts

Once evaluated, the activation of FPRs, the mechanism by which PC cells-deriving EVs might
induce the motility of human fibroblasts, was investigated. First, we assessed FPR-1 and FPR-2
expression, referred to as the better characterized receptor isoforms [43], on BJ cells by cytofluorimetric
analysis. The receptor expression did not change in the presence of WT and ANXA1 KO EVs (Figure 3A).
We confirmed these data through the RT-PCR performed using the cDNA obtained from fibroblasts
treated with WT EVs and ANXA1 KO EVs for 24 h compared to the not treated control (Figure 3B).

Next, we examined the migration and invasion distances of these cells treated with EVs derived
from WT and ANXA1 KO MIA PaCa-2 cells with or without Boc-1. The results in Figure 3C,D show
that fibroblasts treated with WT EVs, together with Boc-1, migrated and invaded more than the control,
but less than the WT EV treated cells. The motility effects were inhibited by co-administration of ANXA1
KO EVs plus Boc-1. Actually, the rescue was not significant as for the WT EVs, above all for the invasion
assay (Figure 3C,D). Finally, to support the results obtained by the invasion assay, we performed gel
zymography reporting the activation of MMP2 in BJ cell supernatants. Gel degradation increased in
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the presence of WT EVs and Boc-1 if compared to the not treated and Boc-1 treated cells, but also when
the FPR-antagonist was co-administered ANXA1 KO EVs (Figure 3E).

Figure 2. Effects of Formyl peptide receptors (FPRs) agonists and antagonists on BJ and Human umbilical
vein endothelial cell (HUVEC) cells. Results of Wound-Healing assay on (A) BJ and (B) HUVEC
cells treated with formyl-Methionine-Leucine-Phenylalanine (fMLP) (50 nM), Ac2-26 (1 µM), and
N-tert-butyloxycarbonyl-Met-Leu-Phe (Boc1) (100 µM), with related images. Analysis of invasion
distance of BJ (C) and HUVEC (D) with relative bright field images treated or not with FPR agonists
and antagonist at the same concentration. Bar = 50 µm. (E) Representative images of tube formation
by HUVEC cells seeded for 12 h on Matrigel: Endothelial Cell Growth Basal Medium-2 (EBM-2)
1:1 with the same treatment. Analysis of tube length and number of branches calculated by ImageJ
(Angiogenesis Analyzer tool) software. Bar = 100 µm. Data represent the mean of three independent
experiments ± standard deviation with similar results.* p < 0.05; ** p < 0.01; *** p < 0.001 treated cells
vs. untreated controls; §§ p < 0.01; §§§ p < 0.001 for each point of EVs + Boc-1 vs. Boc-1 alone.

3.4. ANXA1-Containing EVs Interact with FPRs on Endothelial Cells

The paracrine effects of PC cell-derived EVs on endothelial cells has already been investigated [17].
Here, we focused on the possible mechanism of these phenomena. As for human fibroblasts,
FPR-1 and FPR-2 expression also remained unmodified in HUVEC cells in the presence of both WT
and ANXA1 KO EVs (Figure 4A). In this case, this result was also confirmed by RT-PCR (Figure 4B).
Additionally, as shown for the BJ cells, EVs also induced a signal transduction via FPRs in HUVEC
cells. The addition of Boc-1 to WT EVs determined a significant slowdown of the migration and
invasion distances compared to cells treated with WT EVs alone. The same trend, but much less
pronounced, was observed when Boc-1 was added ANXA1 KO EVs, similar to BJ cells (Figure 4C,D).
Finally, the inhibition of FPRs through Boc-1 also presented a significant effect on in vitro angiogenesis.
Indeed, it has been found that the rescue of WT EV action is more relevant than ANXA1 KO EVs
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(Figure 4E), as highlighted by the bright field images and the calculation of the number of branching
points and of the relative tube length.

Figure 3. EVs interact with FPRs on fibroblasts. (A) Expression of FPR-1 and FPR-2 on BJ cells were
analyzed by flow cytometry. The violet areas in the plots are relative to unstained fibroblasts. FPR-1
and FPR-2 signals are showed in green for ctrl, in pink for WT EVs and in light blue for ANXA1 KO
EVs treated cells for 24 h. (B) Real Time- Polymerase Chain Reaction (RT-PCR) for FPR-1 and FPR-2,
mRNA expression measured on levels of HPRT1. Values refer to the same experimental points of flow
cytometry analysis and are expressed using the delta-delta Ct method to derive relative fold change. It
is also shown the electrophoresis of the FPR-1 and FPR-2 RT-PCR products on 2% agarose gel stained
with ethidium bromide. Results of Wound-Healing assay and (C) invasion analysis with relative bright
field images of BJ cells, treated or not with EVs from WT and ANXA1 KO MIA PaCa-2 cells and
Boc1 (100 µM). Bar = 50 µm. (D) Gelatin zymography showing gelatinolytic activity of MMP-2 of BJ
supernatants. (E) Data represent the mean of four independent experiments ± standard deviation with
similar results.* p < 0.05; ** p < 0.01; *** p < 0.001 treated cells vs. untreated controls; ## p < 0.01; for
each point of ANXA1 KO MIA PaCa-2 cells vs. WT one; § p < 0.05; §§§ p < 0.001 for each point of EVs +

Boc-1 vs. Boc-1 alone.

3.5. WT EVs Promoted the Fibroblast Switch More than ANXA1 KO EVs

The tumor microenvironment could have relevant effects on PC aggressiveness and on the
development of a malignant phenotype of cancer cells [44,45]. In this scenario, fibroblasts can
differentiate into myofibroblasts, forming a tumor-responsive stroma, under the effects of soluble
factors and exosomes produced by tumor cells [46]. In order to investigate this switch, we analyzed
some of the principal mesenchymal markers. In Figure 5, BJ cells showed a notable increase of
expression levels of FAP1α, collagen type I alpha1 (COL1A) and fibroblasts growth factor 2 (FGF2)
when treated with EVs from WT MIA PaCa-2 than when treated with ANXA1 KO EVs (panels y-a’, a-c
and m-o, respectively). In the presence of Boc-1, the levels of these proteins appeared strongly reduced
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(panels b’, d, p, respectively). When this antagonist has been administered together with ANXA1
KO EVs, the signal for these markers became very similar to the untreated cells (panels d’, e and q,
respectively), while an intermediate intensity was revealed in the case of Boc-1/WT EVs (panels c’, d,
and p).

Figure 4. EVs interact with FPRs on endothelial cells. (A) Expression of FPR-1 and FPR-2 on HUVEC
cells was analyzed by flow cytometry. The violet areas in the plots are relative to unstained fibroblasts.
FPR-1 and FPR-2 signals are showed in green for ctrl, in pink for WT EVs and in light blue for ANXA1
KO EVs treated cells for 24 h. (B) RT-PCR for FPR-1 and FPR-2, mRNA expression measured on levels
of HPRT1. Values refer to the same experimental points of flow cytometry analysis are expressed using
the delta-delta Ct method to derive relative fold change. It is also shown the electrophoresis of the FPR-1
and FPR-2 RT-PCR products on 2% agarose gel stained with ethidium bromide. Results of HUVEC
(C) migration and (D) invasion in presence of WT and ANXA1 KO EVs with or without Boc-1 (100 µM)
with relative bright field images. Bar = 50 µm. (E) Representative images of tube formation by HUVEC
cells with the related analysis of tube length and number of branches. Bar = 100 µm. Data represent the
mean of four independent experiments ± standard deviation with similar results. * p < 0.05; ** p < 0.01;
*** p < 0.001 for treated cells vs. untreated controls; # p < 0.05, ## p < 0.01; ### p < 0.001 for each point
of ANXA1 KO MIA PaCa-2 cells vs. WT one; § p < 0.05; §§ p < 0.01; §§§ p < 0.001 for each point of EVs
+ Boc-1 vs. Boc-1 alone.

Based on the increased migration and invasion rates, our analyses of BJ cells further focused
on the cytoskeletal organization. Here, we found a significant increase of well-organized stress
fibers, as revealed by phalloidin staining of F-actin, when the cells were treated with WT EVs.
Actin polymerization reached an intermediate situation between ctrl and WT EVs when BJ was treated
with ANXA1 KO EVs. Again, Boc-1 negatively affected this process and interfered more with WT EVs
than with ANXA1 KO EVs (panels g–l). A very similar trend was observed for vinculin expression,
for which the WT and ANXA1 KO EVs confirmed its increase (panels e’–g’). On the other hand,
Boc-1 determined a net inversion of the formation of vinculin adhesion plaques. Moreover, in the



Cells 2020, 9, 2719 10 of 18

case of co-administration, Boc-1 plus WT EVs, this inversion appeared higher than the addition of
the mix Boc-1/ANXA1 KO EVs (panels h’–j’). Furthermore, the expression of vimentin, one of the
intermediate filaments, a crucial mesenchymal marker, resulted in not being affected by the treatments.
Interestingly, this protein appeared much better structured in the presence of WT EVs than in the
presence of ANXA1 KO EVs. Vimentin organization was strongly affected by Boc-1 added together
with WT EVs than with ANXA1 KO EVs (panels s–x). Finally, the confocal analysis allowed us to show
an elongated form and a parallel-organized pattern in almost 100% of the seeded population in the
presence of WT EVs, but less with ANXA1 KO EVs. The untreated cells and the cells treated with
Boc-1 resulted in being disorganized and randomly orientated. As far as the expression markers are
concerned, the co-administration of EVs and Boc-1 led to an intermediated behavior.

Figure 5. Fibroblasts activation induced by ANXA1-containing EVs. Immunofluorescence analysis on
BJ cells to detect: COL1A (panels a–f), F-actin (panels g–l), FGF2 (panels m–r), vimentin (panels s–x),
FAP1α (panels y–d’) and vinculin (panels e’–j’). Nuclei were stained with Hoechst 33,342 1:1000 for 30
min at RT in the dark. Magnification 63 × 1.4 NA. Bar = 100 µm.

3.6. WT EVs Are Able to Induce the EndMT through FPRs

In direct response to vesicles released from a primary tumor, the endothelium can undergo
the endothelial-to-mesenchimal transition (EndMT), acquiring a mesenchymal phenotype [47,48].
EndMT may play an important role in stabilizing the neovasculature during angiogenesis. For this
reason, we used confocal microscopy to investigate the effects of EVs from WT and ANXA1 KO MIA
PaCa-2 cells on morphological features and on the expression of some proteins involved in this process
in HUVEC cells.
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In Figure 6, in the presence of WT EVs, HUVEC disclosed a greater expression of vascular
endothelial growth factor (VEGF), α-smooth muscle actin (αSMA), FAP1α, and fibronectin (panels a–b,
m–n, y–z, and e’–f’, respectively), considered altogether as markers of EndMT [32,36]. Furthermore,
the expression of these proteins underwent a smaller increase in the presence of EVs from ANXA1
KO clones (panels c, o, a’, g’, respectively). Accordingly, Boc-1 was more effective when FPRs were
stimulated by WT EVs than by ANXA1 KO (panels d–f, p–r, b’–d’, h’–j’, respectively, for VEGF,
αSMA, FAP1α, fibronectin). Again, vascular endothelial (VE)-cadherin showed an increased cytosolic
expression with WT EVs than with ANXA1 KO EVs; Boc-1 blocked these effects and the protein
remained linked to cell membrane despite the vesicles’ stimulation (panels s–x). Finally, the phalloidin
staining allowed us to show the F-actin fibers more sharply with WT EVs compared to ANXA1 KO
EVs. The intermediate behavior for each related treatment was reached in the presence of the FPR
antagonist, as for the other markers considered (panels g–l).

Figure 6. EndMT induced by ANXA1-containing EVs. Confocal analysis for HUVEC cells in the
presence of WT and ANXA1 KO EVs with and without Boc-1 for: VEGF (panels a–f), F-actin (panels g–l),
αSMA (panels m–r), VE-cadherin (panels s–x), FAP1α (panels y–d’), fibronectin (panels e’–j’). Nuclei
were stained with Hoechst 33,342 1:1000 for 30 min at RT in the dark. Magnification 63 × 1.4 NA.
Bar = 100 µm.

4. Discussion

The PC microenvironment plays a critical role in tumor progression [49], revealing a strong relationship
between its organization and metastasis. The tissue surrounding the PC cells consists of the same cancer
cells and stromal cells (e.g., fibroblasts, endothelial cells, immune cells, and extracellular components
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such as EVs that sustain the primary tumor in an autocrine and paracrine manner. EVs, particularly if
enriched in exosomes, are functional carriers necessary to guarantee cell–cell communication and their
content can have strong effects on the recipient cells. Interesting evidence has demonstrated that in
many models of cancer including PC [50], exosomes contribute to tumor progression by the formation
of pre-metastatic niches [51,52]. This finding has raised much interest and led many researchers to
implement studies aiming to increase the knowledge of these structures, like the analysis of proteomic
content performed by Yu et al. Among the most significant elements, ANXA1 was identified as one of
the proteins associated with PC metastasis in multiple organs, mainly in the liver [53]. In parallel, our
previous works demonstrated that ANXA1, in its intracellular and extracellular forms, promotes PC
progression by respectively acting as a cytoskeletal remodeling factor and as an agonist of FPRs [11,14].
Moreover, in our last work, we showed that ANXA1 is a key actor of EVs isolated from MIA PaCa-2 PC
cells, revealing its importance in the production and/or secretion of these microvesicles [17].

In the present paper, based on the fact that (i) the extracellular microvesicles have an important
role in PC progression, (ii) ANXA1 is involved in the exosomes biogenesis and/or effects, and (iii) the
extracellular counterpart of this protein is able to trigger cell motility [5,6,14,54,55], we decided to
investigate the in vitro mechanism of action of ANXA1/EVs on fibroblasts and endothelial cells as
recipient stromal cells. The use of the ANXA1 KO MIA PaCa-2, compared to WT one, was confirmed
to be a good in vitro model to preliminarily describe the action of the protein of our interest on
tumor microenvironment.

The different degree of fibroblast activation depending on the presence ANXA1 in PC deriving EVs
was analyzed, showing their switch into myofibroblasts-like features, as highlighted by the induced
cell motility, metalloproteinases action, and increased expression of FAP1α and vinculin.

The interaction of the secreted form of ANXA1 with a FPR receptor partner family is known,
as commonly observed in both physiological and pathological models [22,56–59]. This binding is able to
trigger calcium mobilization, actin polymerization, adhesion, invasion, and focused migration [5,6,11,14,54].
Therefore, we used molecules such as fMLP and Ac2-26 as endogenous ligands and Boc-1 as an antagonist
to show the main biological events triggered by FPRs, leading to a more aggressive cell phenotype.
Once the expression and activation of the receptor isoforms 1 (FPR1) and 2 (FPR2) on both BJ and
HUVEC cells was tested, it was possible to show the mechanism by which the EVs obtained from
MIA PaCa-2 were able to bring about a significant variation in the recipient cell behavior, especially if
containing ANXA1. These activities were assessed in terms of the acquisition of a mesenchymal phenotype,
which is instrumental for tumor metastasis [11,60]. Fibroblasts are known to play an important role in
cancer progression, in terms of chemoresistance, a consistent physical block against chemotherapeutic
agents, and because they can switch into cancer associated fibroblasts (CAFs), mimicking the features of
myofibroblasts [61–65]. This phenotype is generally represented by a well-organized rearrangement of
the cytoskeleton in a parallel cell orientation. In this study, the action of ANXA1 in EVs on FPRs was
assessed by the inhibitory effect on the migratory and invasive behavior in the presence of the receptors
pan-inhibitor Boc-1. Hence, this result demonstrates that Boc-1 is able to block the ANXA1 effects,
like the classical FPRs agonists, even if this protein is part of the microvesicles. Moreover, these particular
responses leading to a mesenchymal phenotype have also been examined by evaluating the increased
expression of COL1A, FGF2, vinculin, and FAP1α. The confirmation of this switch has also been derived
from the assessment of a more structured orientation of vimentin and F-actin. Particularly, the negative
effect of Boc-1 appeared more evident when it was added together with WT EVs more than ANXA1
KO EVs, further underlining an important involvement of ANXA1 on fibroblast behavior. On the other
hand, the involvement of both ANXA1 and tumor-derived EVs as pro-angiogenic elements, already
widely described in literature [18,66–70], confirm the previously described interaction of EV-containing
ANXA1 with FPRs [17]. In particular, here we report the main biological changes triggering angiogenesis
such as cell functional migration and invasion and EndMT [18], a process evaluated by the increase in
several protein markers such as VEGF, αSMA, FAP1α, and fibronectin and the loss of plasma membrane
localization of the adhesion molecule VE-cadherin. All these aspects have been modified in the presence
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of Boc-1 more extensively in the case of WT MIA PaCa-2 cells-deriving EVs compared to ANXA1 KO
cells, highlighting once more the participation of ANXA1 in EVs on FPRs and also on endothelial cells.

In this study, another important issue brought about was the involvement of EVs as a vehicle
of ANXA1 externalization, which for a long time has been considered as essential for the disclosure
of protein behavior [13]. On the other hand, up to today, the precise mechanism of interaction of
ANXA1/EVs with target cells remains controversial. In this scenario, as suggested for other biological
systems [56], we propose that the presence of ANXA1 on the external side of the vesicle membrane
allows these to directly interact with FPRs, triggering the activation of receptor-related downstream
events. However, it is still not clear whether the EVs are endocytosed by the receiving cells as an
alternative or even an additional mechanism. Thus, this issue can certainly represent a point for future
studies focused on the identification of ANXA1 as a potential target for therapy/prevention of PC
dissemination. Furthermore, we could suggest that this FPR-dependent cascade is able to induce a
positive loop, culminating in the increase of microvesicles production and release, which could favor
tumor development.

Generally, the extracellular form of ANXA1 has been detected in human sera in several conditions.
In the case of inflammation, for example, ANXA1 containing-EVs have been proven to raise pro-repair
and anti-inflammatory effects and to represent a diagnostic biomarker. Moreover, the prospect
of ANXA1-containing nanoparticles to deliver therapeutic benefit has also been investigated [71].
Additionally, the identification of ANXA1 as a circulating molecule in the sera of cancer-affected
patients has been considered as prognostic factor because of its correlation with clinicopathological
conditions [72]. Thus, this protein maintains all the features of an appealing target for PC therapy.

Finally, further investigations are necessary to confirm the role of the ANXA1-EV complex
deriving from PC in the metastatic process and engraftment in distant organs. Particularly, we propose
extending the analysis to other cell populations surrounding the primary tumor such as macrophages
and immune cells. Another point of interest will be furnished by in vivo investigation, exploiting not
only the influence of EVs deriving from WT and/or ANXA1 KO MIA PaCa-2 engrafts, but also the
effects of direct implanting of these microvesicles in animal models.

Author Contributions: Data curation, N.N. and R.B.; Formal analysis, N.N., R.B. and E.P.; Funding acquisition,
P.C. and A.P. (Antonello Petrella); Investigation, N.N. and R.B.; Project administration, A.P. (Antonello Petrella);
Resources, A.F.; Supervision, R.B.; Validation, E.P.; Writing—original draft, N.N. and R.B.; Writing—review &
editing, L.P., A.T., A.P. (Amalia Porta), M.P., and A.P. (Antonello Petrella). All authors have read and agreed to the
published version of the manuscript.

Funding: The work conducted in our laboratory and referred to in this paper was funded by University of Salerno
(FARB 2019, 2020) and by POR Campania, FESR 2014/2020 (Asse 1 – Obiettivo specifico 1.2 – Azione 1.2) Project:
Campania OncoTerapie CUP: B61G18000470007.

Acknowledgments: We thank Luca Parente for the revision of the English language of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PC Pancreatic cancer
ANXA1 Annexin 1
EVs Extracellular vesicles
FPRs Formyl peptide receptors
ATCC American Type Culture Collection
DMEM Dulbecco’s Modified Eagle Medium
FBS Fetal bovine serum
KO Knock-out
WT Wild type
MEM Eagle’s Minimum Essential Medium
NEAA Non-Essential Amino Acid
HUVEC Human umbilical vein endothelial cell
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PBS Phosphate buffered saline
RT Room temperature
SDS-PAGE Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis
RT-PCR Real Time- Polymerase Chain Reaction
HPRT1 Hypoxanthine Phosphoribosyltransferase 1
TSG101 Tumor susceptibility gene 101
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
VEGF Vascular Endothelial Growth Factor
αSMA α-Smooth Muscle Actin
FAP1α Fibroblast Activated Protein 1α
Col1A Collagen type I alpha1
FGF-2 Fibroblasts Growth Factor 2
FITC Fluorescein isothiocyanate
EGM-2 Endothelial cell growth medium
MMP2 Metalloproteinases 2
fMLP formyl-Methionine-Leucine-Phenylalanine
Boc1 N-tert-butyloxycarbonyl-Met-Leu-Phe
EndMT Endothelial-to-Mesenchimal Transition

References

1. Thu, P.M.; Zheng, Z.-G.; Zhou, Y.-P.; Wang, Y.-Y.; Zhang, X.; Jing, D.; Cheng, H.-M.; Li, J.; Li, P.; Xu, X.
Phellodendrine chloride suppresses proliferation of KRAS mutated pancreatic cancer cells through inhibition
of nutrients uptake via macropinocytosis. Eur. J. Pharmacol. 2019, 850, 23–34. [CrossRef] [PubMed]

2. de Sousa Cavalcante, L.; Monteiro, G. Gemcitabine: Metabolism and molecular mechanisms of action,
sensitivity and chemoresistance in pancreatic cancer. Eur. J. Pharmacol. 2014, 741, 8–16. [CrossRef] [PubMed]

3. Bai, X.-F.; Ni, X.-G.; Zhao, P.; Liu, S.-M.; Wang, H.-X.; Guo, B.; Zhou, L.-P.; Liu, F.; Zhang, J.-S.; Wang, K.; et al.
Overexpression of annexin 1 in pancreatic cancer and its clinical significance. World J. Gastroenterol. 2004,
10, 1466–1470. [CrossRef] [PubMed]

4. Chen, C.-Y.; Shen, J.-Q.; Wang, F.; Wan, R.; Wang, X.-P. Prognostic significance of annexin A1 expression in
pancreatic ductal adenocarcinoma. Asian Pac. J. Cancer Prev. 2012, 13, 4707–4712. [CrossRef] [PubMed]

5. Bizzarro, V.; Fontanella, B.; Carratù, A.; Belvedere, R.; Marfella, R.; Parente, L.; Petrella, A. Annexin A1
N-Terminal Derived Peptide Ac2-26 Stimulates Fibroblast Migration in High Glucose Conditions. PLoS ONE
2012, 7, e45639. [CrossRef]

6. Bizzarro, V.; Belvedere, R.; Piaz, F.D.; Parente, L.; Petrella, A. Annexin A1 Induces Skeletal Muscle Cell
Migration Acting through Formyl Peptide Receptors. PLoS ONE 2012, 7, e48246. [CrossRef]

7. Prado Marmorato, M.; Dantas Gimenes, A.; Costa Andrade, F.E.; Oliani, S.M.; Damas Gil, C. Involvement of
the annexin A1-Fpr anti-inflammatory system in the ocular allergy. Eur. J. Pharmacol. 2019, 842, 298–305.
[CrossRef]

8. Guo, C.; Liu, S.; Sun, M.-Z. Potential role of Anxa1 in cancer. Futur. Oncol. 2013, 9, 1773–1793. [CrossRef]
9. Foo, S.L.; Yap, G.; Cui, J.; Lim, L.H.K. Annexin-A1 - A Blessing or a Curse in Cancer? Trends Mol. Med. 2019,

25, 315–327. [CrossRef]
10. Hagihara, T.; Kondo, J.; Endo, H.; Ohue, M.; Sakai, Y.; Inoue, M. Hydrodynamic stress stimulates growth of

cell clusters via the ANXA1/PI3K/AKT axis in colorectal cancer. Sci. Rep. 2019, 9, 1–12. [CrossRef]
11. Belvedere, R.; Bizzarro, V.; Forte, G.; Piaz, F.D.; Parente, L.; Petrella, A. Annexin A1 contributes to pancreatic

cancer cell phenotype, behaviour and metastatic potential independently of Formyl Peptide Receptor
pathway. Sci. Rep. 2016, 6, 29660. [CrossRef] [PubMed]

12. Belvedere, R.; Bizzarro, V.; Parente, L.; Petrella, F.; Petrella, A. Effects of Prisma® Skin dermal regeneration
device containing glycosaminoglycans on human keratinocytes and fibroblasts. Cell Adhes. Migr. 2017, 12, 1–16.
[CrossRef] [PubMed]

13. Boudhraa, Z.; Bouchon, B.; Viallard, C.; D’Incan, M.; Degoul, F. Annexin A1 localization and its relevance to
cancer. Clin. Sci. 2016, 130, 205–220. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ejphar.2019.01.060
http://www.ncbi.nlm.nih.gov/pubmed/30716311
http://dx.doi.org/10.1016/j.ejphar.2014.07.041
http://www.ncbi.nlm.nih.gov/pubmed/25084222
http://dx.doi.org/10.3748/wjg.v10.i10.1466
http://www.ncbi.nlm.nih.gov/pubmed/15133855
http://dx.doi.org/10.7314/APJCP.2012.13.9.4707
http://www.ncbi.nlm.nih.gov/pubmed/23167407
http://dx.doi.org/10.1371/journal.pone.0045639
http://dx.doi.org/10.1371/journal.pone.0048246
http://dx.doi.org/10.1016/j.ejphar.2018.11.008
http://dx.doi.org/10.2217/fon.13.114
http://dx.doi.org/10.1016/j.molmed.2019.02.004
http://dx.doi.org/10.1038/s41598-019-56739-7
http://dx.doi.org/10.1038/srep29660
http://www.ncbi.nlm.nih.gov/pubmed/27412958
http://dx.doi.org/10.1080/19336918.2017.1340137
http://www.ncbi.nlm.nih.gov/pubmed/28795878
http://dx.doi.org/10.1042/CS20150415
http://www.ncbi.nlm.nih.gov/pubmed/26769657


Cells 2020, 9, 2719 15 of 18

14. Belvedere, R.; Bizzarro, V.; Popolo, A.; Piaz, F.D.; Vasaturo, M.; Picardi, P.; Parente, L.; Petrella, A. Role of
intracellular and extracellular annexin A1 in migration and invasion of human pancreatic carcinoma cells.
BMC Cancer 2014, 14, 961. [CrossRef]

15. Bizzarro, V.; Belvedere, R.; Milone, M.R.; Pucci, B.; Lombardi, R.; Bruzzese, F.; Popolo, A.; Parente, L.;
Budillon, A.; Petrella, A. Annexin A1 is involved in the acquisition and maintenance of a stem
cell-like/aggressive phenotype in prostate cancer cells with acquired resistance to zoledronic acid. Oncotarget
2015, 6, 25074–25092. [CrossRef]

16. Boudhraa, Z.; Merle, C.; Mazzocut, D.; Chezal, J.-M.; Chambon, C.; Miot-Noirault, E.; Theisen, M.; Bouchon, B.;
Degoul, F. Characterization of pro-invasive mechanisms and N-terminal cleavage of ANXA1 in melanoma.
Arch. Dermatol. Res. 2014, 306, 903–914. [CrossRef]

17. Pessolano, E.; Belvedere, R.; Bizzarro, V.; Franco, P.; De Marco, I.; Porta, A.; Tosco, A.; Parente, L.; Perretti, M.;
Petrella, A. Annexin A1 May Induce Pancreatic Cancer Progression as a Key Player of Extracellular Vesicles
Effects as Evidenced in the In Vitro MIA PaCa-2 Model System. Int. J. Mol. Sci. 2018, 19, 3878. [CrossRef]

18. Todorova, D.; Simoncini, S.; Lacroix, R.; Sabatier, F.; Dignat-George, F. Extracellular Vesicles in Angiogenesis.
Circ. Res. 2017, 120, 1658–1673. [CrossRef]

19. Raabe, C.A.; Gröper, J.; Rescher, U. Biased perspectives on formyl peptide receptors. Biochim. Biophys.
Acta Bioenerg. 2019, 1866, 305–316. [CrossRef]

20. Bena, S.; Brancaleone, V.; Wang, J.M.; Perretti, M.; Flower, R.J. Annexin A1 Interaction with the FPR2/ALX
Receptor. J. Biol. Chem. 2012, 287, 24690–24697. [CrossRef]

21. Bizzarro, V.; Belvedere, R.; Migliaro, V.; Romano, E.; Parente, L.; Petrella, A. Hypoxia regulates ANXA1
expression to support prostate cancer cell invasion and aggressiveness. Cell Adhes. Migr. 2017, 11, 247–260.
[CrossRef] [PubMed]

22. Pessolano, E.; Belvedere, R.; Bizzarro, V.; Franco, P.; De Marco, I.; Petrella, A.; Porta, A.; Tosco, A.; Parente, L.;
Perretti, M. Annexin A1 Contained in Extracellular Vesicles Promotes the Activation of Keratinocytes by
Mesoglycan Effects: An Autocrine Loop Through FPRs. Cells 2019, 8, 753. [CrossRef] [PubMed]

23. Yin, M.; Loyer, X.; Boulanger, C.M. Extracellular vesicles as new pharmacological targets to treat
atherosclerosis. Eur. J. Pharmacol. 2015, 763, 90–103. [CrossRef] [PubMed]

24. Zhao, H.; Achreja, A.; Iessi, E.; Logozzi, M.; Mizzoni, D.; Di Raimo, R.; Nagrath, D.; Fais, S. The key role of
extracellular vesicles in the metastatic process. Biochim. Biophys. Acta Bioenerg. 2018, 1869, 64–77. [CrossRef]

25. Kawamoto, T.; Ohga, N.; Akiyama, K.; Hirata, N.; Kitahara, S.; Maishi, N.; Osawa, T.; Yamamoto, K.;
Kondoh, M.; Shindoh, M.; et al. Tumor-Derived Microvesicles Induce Proangiogenic Phenotype in Endothelial
Cells via Endocytosis. PLoS ONE 2012, 7, e34045. [CrossRef]

26. Kim, Y.E.; Park, W.S.; Ahn, S.Y.; Sung, D.K.; Sung, S.I.; Kim, J.H.; Chang, Y.S. WKYMVm hexapeptide, a
strong formyl peptide receptor 2 agonist, attenuates hyperoxia-induced lung injuries in newborn mice. Sci.
Rep. 2019, 9, 6815. [CrossRef]

27. Lee, H.Y.; Kim, S.D.; Shim, J.W.; Yun, J.; Kim, K.; Bae, Y. Activation of formyl peptide receptor like-1 by
serum amyloid A induces CCL2 production in human umbilical vein endothelial cells. Biochem. Biophys.
Res. Commun. 2009, 380, 313–317. [CrossRef]

28. Rossi, F.W.; Napolitano, F.; Pesapane, A.; Mascolo, M.; Staibano, S.; Matucci-Cerinic, M.; Guiducci, S.;
Ragno, P.; Di Spigna, G.; Postiglione, L.; et al. Upregulation of the N-Formyl Peptide Receptors in
Scleroderma Fibroblasts Fosters the Switch to Myofibroblasts. J. Immunol. 2015, 194, 5161–5173. [CrossRef]

29. VanCompernolle, S.E.; Clark, K.L.; Rummel, K.A.; Todd, S.C. Expression and Function of Formyl Peptide
Receptors on Human Fibroblast Cells. J. Immunol. 2003, 171, 2050–2056. [CrossRef]

30. Belvedere, R.; Bizzarro, V.; Parente, L.; Petrella, F.; Petrella, A. The Pharmaceutical Device Prisma® Skin
Promotes in Vitro Angiogenesis through Endothelial to Mesenchymal Transition during Skin Wound Healing.
Int. J. Mol. Sci. 2017, 18, 1614. [CrossRef]

31. Théry, C.; Amigorena, S.; Raposo, G.; Clayton, A. Isolation and Characterization of Exosomes from Cell
Culture Supernatants and Biological Fluids. Curr. Protoc. Cell Biol. 2006, 30, 3.22.1–3.22.29. [CrossRef]
[PubMed]

32. Franco, P.; Belvedere, R.; Pessolano, E.; Liparoti, S.; Pantani, R.; Petrella, A.; De Marco, I. PCL/Mesoglycan
Devices Obtained by Supercritical Foaming and Impregnation. Pharmaceutics 2019, 11, 631. [CrossRef]
[PubMed]

http://dx.doi.org/10.1186/1471-2407-14-961
http://dx.doi.org/10.18632/oncotarget.4725
http://dx.doi.org/10.1007/s00403-014-1517-z
http://dx.doi.org/10.3390/ijms19123878
http://dx.doi.org/10.1161/CIRCRESAHA.117.309681
http://dx.doi.org/10.1016/j.bbamcr.2018.11.015
http://dx.doi.org/10.1074/jbc.m112.377101
http://dx.doi.org/10.1080/19336918.2016.1259056
http://www.ncbi.nlm.nih.gov/pubmed/27834582
http://dx.doi.org/10.3390/cells8070753
http://www.ncbi.nlm.nih.gov/pubmed/31331117
http://dx.doi.org/10.1016/j.ejphar.2015.06.047
http://www.ncbi.nlm.nih.gov/pubmed/26142082
http://dx.doi.org/10.1016/j.bbcan.2017.11.005
http://dx.doi.org/10.1371/journal.pone.0034045
http://dx.doi.org/10.1038/s41598-019-43321-4
http://dx.doi.org/10.1016/j.bbrc.2009.01.068
http://dx.doi.org/10.4049/jimmunol.1402819
http://dx.doi.org/10.4049/jimmunol.171.4.2050
http://dx.doi.org/10.3390/ijms18081614
http://dx.doi.org/10.1002/0471143030.cb0322s30
http://www.ncbi.nlm.nih.gov/pubmed/18228490
http://dx.doi.org/10.3390/pharmaceutics11120631
http://www.ncbi.nlm.nih.gov/pubmed/31779148


Cells 2020, 9, 2719 16 of 18

33. Belvedere, R.; Saggese, P.; Pessolano, E.; Memoli, D.; Bizzarro, V.; Rizzo, F.; Parente, L.; Weisz, A.; Petrella, A.
miR-196a Is Able to Restore the Aggressive Phenotype of Annexin A1 Knock-Out in Pancreatic Cancer Cells
by CRISPR/Cas9 Genome Editing. Int. J. Mol. Sci. 2018, 19, 1967. [CrossRef] [PubMed]

34. Romano, E.; Vllahu, M.; Bizzarro, V.; Belvedere, R.; Esposito, R.; Petrella, A.; Tosco, A. TFF1 Promotes
EMT-Like Changes through an Auto-Induction Mechanism. Int. J. Mol. Sci. 2018, 19, 2018. [CrossRef]
[PubMed]

35. Pagliara, V.; Adornetto, A.; Mammì, M.; Masullo, M.; Sarnataro, D.; Pietropaolo, C.; Arcone, R. Protease Nexin-1
affects the migration and invasion of C6 glioma cells through the regulation of urokinase Plasminogen Activator
and Matrix Metalloproteinase-9/2. Biochim. Biophys. Acta Bioenerg. 2014, 1843, 2631–2644. [CrossRef] [PubMed]

36. Belvedere, R.; Pessolano, E.; Porta, A.; Tosco, A.; Parente, L.; Petrella, F.; Perretti, M.; Petrella, A. Mesoglycan
induces the secretion of microvesicles by keratinocytes able to activate human fibroblasts and endothelial
cells: A novel mechanism in skin wound healing. Eur. J. Pharmacol. 2020, 869, 172894. [CrossRef] [PubMed]

37. Bu, L.; Baba, H.; Yoshida, N.; Miyake, K.; Yasuda, T.; Uchihara, T.; Tan, P.; Ishimoto, T. Biological heterogeneity
and versatility of cancer-associated fibroblasts in the tumor microenvironment. Oncogene 2019, 38, 4887–4901.
[CrossRef]

38. Denton, A.E.; Roberts, E.W.; Fearon, D.T. Stromal Cells in the Tumor Microenvironment. Adv. Exp. Med. Biol.
2018, 1060, 99–114. [CrossRef]

39. Campos-Silva, C.; Suárez, H.; Jara-Acevedo, R.; Linares-Espinós, E.; Martinez-Piñeiro, L.; Yáñez-Mó, M.;
Valés-Gómez, M. High sensitivity detection of extracellular vesicles immune-captured from urine by
conventional flow cytometry. Sci. Rep. 2019, 9, 1–12. [CrossRef]

40. Kelly, T.; Huang, Y.; Simms, A.E.; Mazur, A. Fibroblast Activation Protein-α. Int. Rev. Cell Mol. Biol. 2012,
297, 83–116. [CrossRef]

41. Rosowski, K.A.; Boltyanskiy, R.; Xiang, Y.; Dries, K.V.D.; Schwartz, M.A.; Dufresne, E.R. Vinculin and the
mechanical response of adherent fibroblasts to matrix deformation. Sci. Rep. 2018, 8, 1–10. [CrossRef]
[PubMed]

42. Lee, H.T.; Sharek, L.; O’Brien, E.T.; Urbina, F.L.; Gupton, S.L.; Superfine, R.; Burridge, K.; Campbell, S.L.
Vinculin and metavinculin exhibit distinct effects on focal adhesion properties, cell migration, and
mechanotransduction. PLoS ONE 2019, 14, e0221962. [CrossRef] [PubMed]

43. Ye, R.D.; Boulay, F.; Wang, J.M.; Dahlgren, C.; Gerard, C.; Parmentier, M.; Serhan, C.N.; Murphy, P.M.
International Union of Basic and Clinical Pharmacology. LXXIII. Nomenclature for the Formyl Peptide
Receptor (FPR) Family. Pharmacol. Rev. 2009, 61, 119–161. [CrossRef] [PubMed]

44. Ren, B.; Cui, M.; Yang, G.; Wang, H.; Feng, M.; You, L.; Zhao, Y. Tumor microenvironment participates in
metastasis of pancreatic cancer. Mol. Cancer 2018, 17, 1–15. [CrossRef] [PubMed]

45. Papageorgis, P.; Stylianopoulos, T. Role of TGFβ in regulation of the tumor microenvironment and drug
delivery (Review). Int. J. Oncol. 2015, 46, 933–943. [CrossRef]

46. Barcellos-Hoff, M.H.; Medina, D. New highlights on stroma–epithelial interactions in breast cancer.
Breast Cancer Res. 2004, 7, 33. [CrossRef]

47. Kikuchi, S.; Yoshioka, Y.; Prieto-Vila, M.; Ochiya, T. Involvement of Extracellular Vesicles in Vascular-Related
Functions in Cancer Progression and Metastasis. Int. J. Mol. Sci. 2019, 20, 2584. [CrossRef]

48. Yeon, J.H.; Jeong, H.E.; Seo, H.; Cho, S.; Kim, K.; Na, D.; Chung, S.; Park, J.; Choi, N.; Kang, J.Y. Cancer-derived
exosomes trigger endothelial to mesenchymal transition followed by the induction of cancer-associated
fibroblasts. Acta Biomater. 2018, 76, 146–153. [CrossRef]

49. Chronopoulos, A.; Robinson, B.; Sarper, M.; Cortes, E.; Auernheimer, V.; Lachowski, D.; Attwood, S.;
García, R.; Ghassemi, S.; Ben Fabry, V.A.; et al. ATRA mechanically reprograms pancreatic stellate cells to
suppress matrix remodelling and inhibit cancer cell invasion. Nat. Commun. 2016, 7, 12630. [CrossRef]

50. Costa-Silva, B.; Aiello, N.M.; Ocean, A.J.; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.;
Mark, M.T.; Molina, H.; et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nat. Cell Biol. 2015, 17, 816–826. [CrossRef]

51. Hood, J.L.; San, R.S.; Wickline, S.A. Exosomes Released by Melanoma Cells Prepare Sentinel Lymph Nodes
for Tumor Metastasis. Cancer Res. 2011, 71, 3792–3801. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms19071967
http://www.ncbi.nlm.nih.gov/pubmed/29986379
http://dx.doi.org/10.3390/ijms19072018
http://www.ncbi.nlm.nih.gov/pubmed/29997345
http://dx.doi.org/10.1016/j.bbamcr.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25072751
http://dx.doi.org/10.1016/j.ejphar.2019.172894
http://www.ncbi.nlm.nih.gov/pubmed/31883916
http://dx.doi.org/10.1038/s41388-019-0765-y
http://dx.doi.org/10.1007/978-3-319-78127-3_6
http://dx.doi.org/10.1038/s41598-019-38516-8
http://dx.doi.org/10.1016/b978-0-12-394308-8.00003-0
http://dx.doi.org/10.1038/s41598-018-36272-9
http://www.ncbi.nlm.nih.gov/pubmed/30568231
http://dx.doi.org/10.1371/journal.pone.0221962
http://www.ncbi.nlm.nih.gov/pubmed/31483833
http://dx.doi.org/10.1124/pr.109.001578
http://www.ncbi.nlm.nih.gov/pubmed/19498085
http://dx.doi.org/10.1186/s12943-018-0858-1
http://www.ncbi.nlm.nih.gov/pubmed/30060755
http://dx.doi.org/10.3892/ijo.2015.2816
http://dx.doi.org/10.1186/bcr972
http://dx.doi.org/10.3390/ijms20102584
http://dx.doi.org/10.1016/j.actbio.2018.07.001
http://dx.doi.org/10.1038/ncomms12630
http://dx.doi.org/10.1038/ncb3169
http://dx.doi.org/10.1158/0008-5472.CAN-10-4455
http://www.ncbi.nlm.nih.gov/pubmed/21478294


Cells 2020, 9, 2719 17 of 18

52. Luga, V.; Zhang, L.; Viloria-Petit, A.M.; Ogunjimi, A.A.; Inanlou, M.R.; Chiu, E.; Buchanan, M.; Hosein, A.N.;
Basik, M.; Wrana, J. Exosomes Mediate Stromal Mobilization of Autocrine Wnt-PCP Signaling in Breast
Cancer Cell Migration. Cell 2012, 151, 1542–1556. [CrossRef] [PubMed]

53. Yu, Z.; Zhao, S.; Ren, L.; Wang, L.; Chen, Z.; Hoffman, R.M.; Zhou, J. Pancreatic cancer-derived exosomes
promote tumor metastasis and liver pre-metastatic niche formation. Oncotarget 2017, 8, 63461–63483.
[CrossRef] [PubMed]

54. Babbin, B.A.; Lee, W.Y.; Parkos, C.A.; Winfree, L.M.; Akyildiz, A.; Perretti, M.; Nusrat, A. Annexin I Regulates
SKCO-15 Cell Invasion by Signaling through Formyl Peptide Receptors. J. Biol. Chem. 2006, 281, 19588–19599.
[CrossRef]

55. Walther, A.; Riehemann, K.; Gerke, V. A Novel Ligand of the Formyl Peptide Receptor. Mol. Cell 2000,
5, 831–840. [CrossRef]

56. Leoni, G.; Neumann, P.-A.; Kamaly, N.; Quiros, M.; Nishio, H.; Jones, H.R.; Sumagin, R.; Hilgarth, R.S.;
Alam, A.; Fredman, G.; et al. Annexin A1–containing extracellular vesicles and polymeric nanoparticles
promote epithelial wound repair. J. Clin. Investig. 2015, 125, 1215–1227. [CrossRef]

57. Belvedere, R.; Novizio, N.; Pessolano, E.; Tosco, A.; Eletto, D.; Porta, A.; Campiglia, P.; Perretti, M.;
Filippelli, A.; Petrella, A. Heparan sulfate binds the extracellular Annexin A1 and blocks its effects on
pancreatic cancer cells. Biochem. Pharmacol. 2020, 182, 114252. [CrossRef]

58. Gastardelo, T.S.; Cunha, B.R.; Raposo, L.S.; Maniglia, J.V.; Cury, P.M.; Rodrigues-Lisoni, F.C.; Tajara, E.H.;
Oliani, S.M. Inflammation and Cancer: Role of Annexin A1 and FPR2/ALX in Proliferation and Metastasis in
Human Laryngeal Squamous Cell Carcinoma. PLoS ONE 2014, 9, e111317. [CrossRef]

59. Khau, T.; Langenbach, S.Y.; Schuliga, M.; Harris, T.; Johnstone, C.N.; Anderson, R.L.; Stewart, A.G. Annexin-1
signals mitogen-stimulated breast tumor cell proliferation by activation of the formyl peptide receptors
(FPRs) 1 and 2. FASEB J. 2011, 25, 483–496. [CrossRef]

60. Beuran, M.; Negoi, I.; Paun, S.; Ion, A.D.; Bleotu, C.; Negoi, R.I.; Hostiuc, S. The epithelial to mesenchymal
transition in pancreatic cancer: A systematic review. Pancreatol. 2015, 15, 217–225. [CrossRef]

61. Hwang, R.F.; Moore, T.; Arumugam, T.; Ramachandran, V.; Amos, K.D.; Rivera, A.; Ji, B.; Evans, D.B.;
Logsdon, C.D. Cancer-Associated Stromal Fibroblasts Promote Pancreatic Tumor Progression. Cancer Res.
2008, 68, 918–926. [CrossRef] [PubMed]

62. Olive, K.P.; Jacobetz, M.A.; Davidson, C.J.; Gopinathan, A.; McIntyre, D.; Honess, D.; Madhu, B.;
Goldgraben, M.A.; Caldwell, M.E.; Allard, D.; et al. Inhibition of Hedgehog Signaling Enhances Delivery of
Chemotherapy in a Mouse Model of Pancreatic Cancer. Science 2009, 324, 1457–1461. [CrossRef] [PubMed]

63. Erdogan, B.; Webb, D.J. Cancer-associated fibroblasts modulate growth factor signaling and extracellular
matrix remodeling to regulate tumor metastasis. Biochem. Soc. Trans. 2017, 45, 229–236. [CrossRef] [PubMed]

64. Richards, K.E.; Zeleniak, A.E.; Fishel, M.L.; Wu, J.; Littlepage, L.E.; Hill, R. Cancer-associated fibroblast
exosomes regulate survival and proliferation of pancreatic cancer cells. Oncogene 2017, 36, 1770–1778.
[CrossRef] [PubMed]

65. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013,
19, 1423–1437. [CrossRef] [PubMed]

66. Chiba, M.; Kubota, S.; Sato, K.; Monzen, S. Exosomes released from pancreatic cancer cells enhance angiogenic
activities via dynamin-dependent endocytosis in endothelial cells in vitro. Sci. Rep. 2018, 8, 1–9. [CrossRef]
[PubMed]

67. Lacerda, J.Z.; Drewes, C.C.; Mimura, K.K.O.; Zanon, C.D.F.; Ansari, T.; Gil, C.D.; Greco, K.V.; Farsky, S.H.P.;
Oliani, S.M. Annexin A12–26 Treatment Improves Skin Heterologous Transplantation by Modulating
Inflammation and Angiogenesis Processes. Front. Pharmacol. 2018, 9, 1015. [CrossRef]

68. Ludwig, N.; Yerneni, S.S.; Razzo, B.M.; Whiteside, T.L. Exosomes from HNSCC Promote Angiogenesis
through Reprogramming of Endothelial Cells. Mol. Cancer Res. 2018, 16, 1798–1808. [CrossRef]

69. Rajagopal, C.; Harikumar, K.B. The Origin and Functions of Exosomes in Cancer. Front. Oncol. 2018, 8, 66.
[CrossRef]

70. Yi, M.; Schnitzer, J. Impaired tumor growth, metastasis, angiogenesis and wound healing in annexin A1-null
mice. Proc. Natl. Acad. Sci. USA 2009, 106, 17886–17891. [CrossRef]

71. Sheikh, M.H.; Solito, E. Annexin A1: Uncovering the Many Talents of an Old Protein. Int. J. Mol. Sci. 2018,
19, 1045. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/23260141
http://dx.doi.org/10.18632/oncotarget.18831
http://www.ncbi.nlm.nih.gov/pubmed/28969005
http://dx.doi.org/10.1074/jbc.M513025200
http://dx.doi.org/10.1016/S1097-2765(00)80323-8
http://dx.doi.org/10.1172/JCI76693
http://dx.doi.org/10.1016/j.bcp.2020.114252
http://dx.doi.org/10.1371/journal.pone.0111317
http://dx.doi.org/10.1096/fj.09-154096
http://dx.doi.org/10.1016/j.pan.2015.02.011
http://dx.doi.org/10.1158/0008-5472.CAN-07-5714
http://www.ncbi.nlm.nih.gov/pubmed/18245495
http://dx.doi.org/10.1126/science.1171362
http://www.ncbi.nlm.nih.gov/pubmed/19460966
http://dx.doi.org/10.1042/BST20160387
http://www.ncbi.nlm.nih.gov/pubmed/28202677
http://dx.doi.org/10.1038/onc.2016.353
http://www.ncbi.nlm.nih.gov/pubmed/27669441
http://dx.doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://dx.doi.org/10.1038/s41598-018-30446-1
http://www.ncbi.nlm.nih.gov/pubmed/30097593
http://dx.doi.org/10.3389/fphar.2018.01015
http://dx.doi.org/10.1158/1541-7786.MCR-18-0358
http://dx.doi.org/10.3389/fonc.2018.00066
http://dx.doi.org/10.1073/pnas.0901324106
http://dx.doi.org/10.3390/ijms19041045
http://www.ncbi.nlm.nih.gov/pubmed/29614751


Cells 2020, 9, 2719 18 of 18

72. Rong, B.; Zhao, C.; Liu, H.; Ming, Z.; Cai, X.; Gao, W.; Shuanying, Y. Elevated serum annexin A1 as potential
diagnostic marker for lung cancer: A retrospective case-control study. Am. J. Transl. Res. 2014, 6, 558–569.
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/25360220
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Cell Culture 
	Exosome Enrichment 
	Western Blotting 
	Wound-Healing Assay 
	Invasion Assay 
	Confocal Microscopy 
	Gelatin Gel Zymography 
	Tube Formation Assay 
	Flow Cytometry 
	RNA Isolation and Quantitative Real Time- Polymerase Chain Reaction (RT-PCR) 
	Statistical Analysis 

	Results 
	Effects of Extracellular Vesicles (EVs) from Wild type (WT) and ANXA1 Knock-Out (KO) MIA PaCa-2 Cells on Fibroblast Migration and Invasion 
	Ac2-26 Peptide Promoted Fibroblasts and Endothelial Cells Motility through Formyl Peptide Receptors (FPRs) 
	PC Cells-EVs Interact with FPRs on Human Fibroblasts 
	ANXA1-Containing EVs Interact with FPRs on Endothelial Cells 
	WT EVs Promoted the Fibroblast Switch More Than ANXA1 KO EVs 
	WT EVs Are Able to Induce the EndMT through FPRs 

	Discussion 
	References

