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1. BACKGROUND

1.1. Caveolin-1: structural and biological functions

Caveolins are a family of transmembrane proteins localized in specific areas of the
phospholipid bilayer called caveolae [1]. The name “caveolae” derives from their shape
since they are vesicular invaginations of the plasma membrane around 70 nanometres
(nm) in size and by transmission electron microscopy, they seem °‘little caves’.
Caveolae are mostly considered to be a subgroup of lipid rafts, which are
transmembrane microdomains enriched in specific lipid species residing within the
plasma membrane [2-4]; this is not completely true since some proteins are known to
belong selectively to either lipid rafts or caveolae but not both [5].

There are three main caveolin isoforms: Caveolin-1 (Cav-1), Caveolin-2 (Cav-2) and

Caveolin-3 (Cav-3). Generally speaking, caveolins are small proteins (18-24 kDa).
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Figure 1. Caveolin-1 primary structure in the phospholipid bilayer and its main domains
(picture taken from Williams and Lisanti, 2004 [1])



Cav-1 has a hairpin-like conformation, with N- and C-terminal cytoplasmic tails
separated by atransmembrane hydrophobic domain. The two main functionaldomains
of the protein are the tyrosine 14 phosphorylation domain and the oligomerization
domain. The two main isoforms of Cav-1 are Cav-1q, the best characterized in terms of
function, and Cav-1p (lacking the first 32 aminoacids). Cav-1a can be phosphorylated
on tyrosine 14 by Src kinase and on Serine 80 which is demonstrated to regulate Cav-1
and cholesterol trafficking [6,7].

Cav-1 mainly localizes to plasma-membrane caveolae, to the Golgi apparatus and
trans-Golgi-derived transport vesicles [8]. It could also exists in a soluble form found in
the cytoplasm, as well as a secreted form, depending on the cell type [9]. The first 31
amino acids are crucial in selectively targeting isoforms of Cav-1 to different cellular
compartments [10]. Cav-1 is expressed in almost all cell types at different levels: it is
mostly represented in adipocytes, endothelial cells, fibroblasts, smooth muscle cells,
and a variety of epithelial cells. The expression of Cav-2 goes along with Cav-1, which is
also required for the proper membrane localization of Cav-2, while Cav-3 is expressed
predominantly in myocytes [11].

Research related to Cav-1 has demonstrated its role in endocytosis (caveolin-mediated
endocytosis) [12], exocytosis, signal transduction, vesicular trafficking and cholesterol
homeostasis [1].

Many studies have also reported that Cav-1 is directly involved in the process of
membrane curvature [13,14]. It can recruit specific lipidic species in its vicinity forming
clusters functionalized to stabilize membrane curvature. It directly interacts with
charged membrane lipids like phosphatidylserine, and with cholesterol through several
interactions in more than one site of the molecule [15]. Indeed, caveolae are known to
be much more enriched in cholesterol compared to the neighbouring areas of the
phospholipid bilayer, creating a suitable environment for Cav-1 involvement in vesicle

formation [16].



1.1.1. Caveolin-1 role in vesicular trafficking

Emerging evidence suggests a novel role for Cav-1 regarding extracellular vesicle (EV)
biogenesis and cargo sorting. EVs are small vesicles released by almost all types of
cells for cell-to-cell communication, which will be better described in the following
sections.

This role directly correlates with Cav-1 localization in the plasma membrane since
caveolae and even more lipid rafts are found to be involved in the process of
vesiculation [17].

Cav-1 has been detected in exocrine cell derived-secretome [18], like pancreatic acinar
cells and also in the EVs released by malignant cells [19]. Some studies have
demonstrated that Cav-1 levels in EVs increase after noxious stimuli in a variety of cell
types suggesting its ability to enhance EV production [20,21]. Albacete et al.
demonstrated that Cav-1 is able to regulate EV biogenesis through the modulation of
cholesterol contentin the multivesicular bodies (MVBs), the smallintracellular vesicles
from which a subset of EV takes origin [22].

Furthermore, the EV cargo sorting process is tightly regulated, and it has been found
that Cav-1isinvolvedinit. EVs carry avariety of cellular cargo, including proteins, lipids,
DNA, RNA, and small RNA molecules like miRNA. Cav-1 promotes the sorting of
specific proteins into the EVs, enhancing the migration and invasiveness of breast
cancer cells [23] and it is found to be involved in the selective loading of miRNAs into
EVs in response to stimuli, especially oxidative stress [20]. Cav-1 post-translational
modifications, such as the previously discussed phosphorylation, play a key role in this
process since they promote a change in Cav-1 conformation, allowing it to interact with

the molecules responsible for miRNA sorting, like h(nRNPA2B [24].

1.1.2. Caveolin-1 and cancer

Current evidence about the role of Cav-1 in cancer does not outline a single type of
behaviour by the protein, starting from its contribution in programmed cell death.
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The role of Caveolin-1 (Cav-1) in apoptosis is controversial. It has been demonstrated
that caveolae are enriched in ceramide, a molecule thatinduces cell death by inhibiting
the PI3-kinase/Akt survival pathway; Cav-1 interacts with PI3-kinase, and its
overexpression makes fibroblasts more sensitive to ceramide-induced death through a
PI3-kinase-dependent mechanism [25,26]. Cav-1 also promotes apoptosis induced by
chemical enhancers in NIH-3T3 fibroblasts and T24 bladder carcinoma [27].
Conversely, caveolae damage induced by cholesterol-sequestering agents has been
shown to promote the activation of the PI3-kinase/Akt signalling pathway, indicating
that caveolae and Cav-1 are essential for proper survival signalling through this way
[28]. Furthermore, it has been shown that overexpression of Cav-1 promotes cell
survival by maintaining Akt activation thanks to the inhibition of the serine/threonine
protein phosphatases, called PP1 and PP2A [29].

This apparentinconsistency of the pro- or anti-apoptotic role of Cav-1 can be explained

by cell-type specific effects and by the cancer stage [30].
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Figure 2. This timeline summarizes the evolution in the discovery of Caveolin-1 functions. (1)
Early studies focused on the structural role of Cav-1 and its function in cholesterol transport.
(2) Subsequent studies linked Cav-1 to the suppression of oncogenic signalling and correlated
the loss of Cav-1 with cell transformation. (3) In later stages of cancer, elevated Cav-1 protein
levels are often associated with a metastatic cell phenotype. (4) Cav-1 was later identified as
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a secreted protein with "extracellular" functions. (5) Recently, attention has turned to Cav-1
potential roles in extracellular vesicle (EV) mediated cancer aggressiveness. (Picture taken
from Campos et al., 2019 [23]).

The first studies related to the involvement of Cav-1 in cancer have shown its tumour-
suppressor properties. Indeed, Cav-1 was found to be poorly expressed in many human
cancer types such as lung [31], mammary [32], colon [33], ovarian [34], sarcoma [35],
including osteosarcoma [36], and glioblastoma [37]. Furthermore, a number of in vitro
experiments have confirmed the “oncosuppressor” hypothesis. Koleske et al have
demonstrated that Cav-1 is downregulated in oncogene-transformed fibroblasts and
that this reduction in Cav-1 levels correlates with increased cell proliferation [38].
Onthe other hand, many studies have demonstrated that Cav-1 expression is positively
correlated with tumour growth and metastatic potential [39].

An interesting example to explain the cancer stage-dependent behaviour of Cav-1 is
breast cancer. Some studies have demonstrated that Cav-1 acts as a suppressor gene
in breast cancer cells, since it is able to inhibit the development of malignant features;
other studies have shown that Cav-1 expression promotes breast cancer cell growth
and proliferation. In support of the first hypothesis, low or absent levels of Cav-1 mRNA
and protein have been detected in tumour tissue samples from human primary breast
cancer patients, but also in mouse and in vitro models [40]. Furthermore, the re-
expression of Cav-1 in transformed breast cancer cell lines led to a decrease in both
their cancerous potential and aggressiveness [41,42]. On the other hand, it has been
demonstrated that Cav-1 levels are significantly higher in metastatic breast cancer cell
lines (MDA-MB-231) compared to the non-metastatic ones (MCF7), and that in breast
cancer tissues Cav-1 expression correlated with a higher metastatic potential [43].

A similar scenario has been reported in rhabdomyosarcoma, a soft tissue-derived
tumour, in which Cav-1 could represent an indicator of malignancy since its expression
correlates with poor differentiation and high proliferation [44]. Human embryonal
rhabdomyosarcoma cell lines (RD-cells) represent the in vitro model employed in the

present study and therefore will be further discussed in the following sections.
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Other cancer types in which Cav-1 was found to be involved in the dissemination
process are lung cancer [45], clear cell renal carcinoma [46], hepatocellular carcinoma

[47], melanoma [48], Ewing sarcoma [49] and many others.

1.2. Rhabdomyosarcoma: overview

Rhabdomyosarcoma (RMS) is a soft tissue malignant tumour arising from
mesenchymal cells. It represents the most common soft tissue sarcoma in childhood
with about 2.7% of cancer cases among 0-14-year-old children. Overall, the incidence
is 4.6 cases per 1 million people younger than 20 years [50].

In general, RMS rises from the loss of the ability to properly differentiate by the
mesenchymal cells which are persistently kept in a proliferation state. Four different
histological RMS subtypes have been defined by the 2020 WHO (World Health
Organization): embryonal, alveolar, spindle cell/sclerosing and pleomorphic [50].

The two most common types are the embryonal (ERMS) and the alveolar (ARMS) ones.
In ERMS the chromosome 11p15.5 [51] loses its heterozygosity leading to a variety of
consequences among which the hyper-activation of the RAS/ERK pathway [52] is the
most relevant one since it plays an important role in the process of tumour growth
[53,54], radioresistance [55-57] and metastasis [58]. ARMS is instead characterized by
the translocation of 1(2;13)(q35;914) or t(1;13)(q36;914) chromosome which is
responsible for the fusion of the genes PAX3 and 7 with the Forkhead box O1 (FoxO1)
that generate the chimeric Pax3-FoxO1 or Pax7-FoxO1 oncoproteins, respectively [59].
Indeed, ERMS is also called fusion-negative RMS, while ARMS is fusion-positive.
Regarding RMS incidence, there is a correlation with the histological subtype: for
example, male patients have a higher incidence of embryonal tumours, and black
patients of the alveolar one [60].

RMS can occur in every part of the body, but the most common primary sites are head
and neck region, genitourinary tract and extremities which often occur in older patients

with alveolar histology [61,62]. Other primary sites include the chest wall, perineal/anal
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region, and abdomen but they are less common [63]. There are no recognized risk
factors for RMS, and it often appears randomly. Suggested predisposition factors
regard genetics: Li-Fraumeni cancer susceptibility syndrome (with germline TP53
variants) [64], DICER1 syndrome [65], Neurofibromatosis type | (NF1) [66] but also high
birth weight and large size for gestational age for ERMS [67].

Treatment mainly consists of surgery, radio- and chemotherapy which can improve
RMS prognosis [68]. The prognosis depends on tumour localization and diffusion: when
the primary tumour is not spread yet, patients have a more favourable prognosis
receiving combined-modality therapy, with more than 70% of patients surviving 5 years
after diagnosis. Relapses often occur in patients with unresectable disease, tumour in
an unfavourable site, or metastatic disease at diagnosis. We can summarize the
prognosis-related factors as follows: age, site of origin, tumour size, resectability,

fusion-positive subtype, metastases at diagnhosis, and response to therapy [50].

1.2.1. Caveolin-1 in human rhabdomyosarcoma cell lines (RD)

As briefly introduced before, Cav-1 has a controversial role in cancer disease.
Regarding RMS, and particularly the embryonal histological subtype, it has been
demonstrated that Cav-1 enhances tumour growth both in vitro and in vivo [44,69-71].
Codenotti et al. showed that Cav-1is able to increase the aggressiveness of ERMS cells
(RD) through the cooperation with the Erk-signalling pathway [72]. Erk is a well-known
extracellular signal-regulated kinase with a crucial role in many cellular processes
including cell cycle progression and survival [73]. They demonstrated that the
metastatic RD cells which are characterized by Cav-1 overexpression, also exhibit a
marked increase in phosphorylated Erk1/2 (pErk1/2) levels. The involvement of this
pathway in the increased cell proliferation in this model has been confirmed by the
treatment with PD098059, a synthetic Erk phosphorylation inhibitor: cell proliferation
was significantly reduced compared to the untreated cells. The same strategy has been
used to demonstrate the correlation between Erk pathway and the increased RD cell

migration and invasiveness [72].
10



Furthermore, Cav-1 is found to be involved in radioresistance in RD cells since its
overexpression can enhance ROS neutralization and DNA repair [74]. In order to
demonstrate that, RD cells have been treated with a protocol of radiation in fractional
doses and those cells overexpressing Cav-1 did not show a significant increase in
percentage in G2 phase of the cell cycle (the most sensitive to the radiations) while
increased the percentage of cells in S phase (the less sensitive to the radiations),
whereas RD-ctrl cells, which do not overexpress Cav-1, behave in the opposite
direction. Since itis well known the role of Src kinase in Cav-1 phosphorylation and the
role of Akt in post-irradiation cell survival, this result has been confirmed by the

treatment with PP2 and LY294002, Src and PI3K inhibitors, respectively [74].

1.3. Extracellular vesicles

Extracellular vesicles (EVs) are lipid bilayer delimited particles naturally released from

all the cells to communicate with each other and/or to secrete biological material

outside.
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The very first studies were conducted in the 1940s by Chargaff and West in New York.
They were a biochemist and a clinician, respectively, studying the blood coagulation
and they discovered a “particulate fraction” which sedimented at 31,000 g and with
high clotting potential [76]. 17 years later Wolf described a “material in minute
particulate form” delivered from platelets, which is sedimented by high-speed
centrifugation [77]: we can state nowadays that it was the EV fraction.

EVs were then specifically identified as biological entities, with enzymatic and
functional potential, during the 1980s and 1990s. While initially, it was shown that the
EV release was a mechanism that cells use to discard unwanted materials, subsequent
research demonstrates that it is also an important tool of intercellular communication,
involved in both physiological and pathological processes [78-82].

Once released the EVs can be internalized via endocytosis or membrane fusion and
release their contents into ““recipient’ cells [83]. Many studies have shown that these
EVs contain various proteins, sugars, lipids, and genetic materials, such as DNA,
MRNA, and non-coding (nc)RNAs with the content protected from proteases and
nucleases of the extracellular space by the limiting membrane [84,85]. EVs have the
ability to deliver combinatorial information to multiple cells in their tissue

microenvironment and throughout the body by the blood flow [86-88].

1.3.1. EV classification

EVs can be classified based on their size and biogenesis. Although different scales are
used, those with a size range from 50 to 2000 nm are called microvesicles or large EVs
(lEVs); those with a diameter of 30 to 100 nm are called exosomes or small EVs (SEVs);
those with a diameter of 500 to 4000 nm are called apoptotic bodies [89]. The overlap
interms of size implies the use of at least another parameter for their identification, like
marker expression. Overall EVs comprise a wide variety of vesicles ranging from 30 to
1000 nm in size with a variety of cargos, and the different types of vesicles are similarin
their size distribution, so the diameter alone can’t be used as a parameter to define

different types of vesicles [90].
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In addition to the differences in size, EVs can also be distinguished according to their

process of biogenesis: [EVs are released outward through budding of the plasma

membrane; for the sEVs, the release process involves the inward budding of the

endosomal membrane, resulting in the formation of multivesicular bodies (MVBs),

whose membrane fuses with the plasma membrane releasing the vesicles outside;

apoptotic bodies are delivered from dying cells [90].
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FIGURE 4. Schematic representation of large- and small-EV biogenesis, here called

microvesicles and exosomes, respectively. (Picture taken from Babelman et al., 2018 [91])

According to the International Society for Extracellular Vesicles (ISEV 2018 [92]), EVs

can be classified according to:

- their physical characteristics, such as size or density

- their biochemical composition
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- the descriptions of conditions or cell of origin

In the present work we will focus on the subpopulation of small- and large-EVs and we
are going to use the term “small EVs” (sEVs) referred to those vesicles that have a <200
nm diameter and are collected with 100K ultracentrifugation, including the ones that
originate within MVBs, and the term “large-EVs” (l[EVs) for those vesicles that have a
>200 nm diameter and are collected with 10K ultracentrifugation, including the ones

that bud directly from the plasma membrane.

EV SUBSET NAME SIZE (nm) BIOGENESIS BIOMARKERS

bud directly from the

large EVs 50-2000
plasma membrane

Calnexin, Grp94

Alix, TSG-101, CD9,

small EVs 30-100 originate within MVBs CD63, CD81

caspase-3/7
activity,
phosphatidylserine
(PS)

apoptotic bodies 500-4000 | originate during apoptosis

Table 1. Classification of EV subpopulations according to their physical characteristics,
biogenesis process and typical biomarkers [92].

1.3.1.1 large-EVs

large-EVs are an EV subset with a size range from 50 to 2000 nm and they take origin via
direct bud from the phospholipid bilayer. Considering the biogenesis, [EV formation is
the result of the interplay between cytoskeletal proteins and specific phospholipids:
membrane budding is the result of the translocase action to the phosphatidylserine and

the subsequent contraction of cytoskeleton by actin-myosin interactions [93-95].
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In particular, ADP-ribosylation factor 6 (ARF6) starts a cascade that activates
phospholipase D (PLD). In the meanwhile, the Erk recruited to the plasma membrane
phosphorylates and activates the myosin light chain kinase (MLCK) which represents
the trigger event for the (EV release [90]. The external factors that can enhance (EV
release are the influx of calcium that induces the redistribution of the phospholipids
and the hypoxia which has been demonstrated to promote (EV release via HIF-

dependent expression of RAB22A [96].

1.3.1.2. small-EVs

Small-EVs are 30-100 nm lipid-bound vesicles in which research is mainly focused

because of their heterogeneity and biological function.

1.3.1.2.1. sEV BIOGENESIS

SEV originates through the endosomal pathway. The biogenesis process starts with the
endocytosis of the molecular cargo forming a “preliminary” vesicle budding from the
plasma membrane inside the cell [97]. This first vesicle formed is called “early
endosome” (EE) and its content can undergo three different fates: recycling, maturation
for the degradation and maturation for the secretion. When the vesicle cargo needs to
be recycled it moves to the EE peripheral tubular domains and it is sorted into the
recycling endosomes which can then fuse with the Golgi apparatus or the phospholipid
bilayer of the plasma membrane [98]. Recycling endosomal pathway is needed to
maintain the correct composition of the plasma membrane since the disruption of this
balance is known to be involved in a wide range of diseases including cancer [99].
Among the molecules sorted into recycling endosomes, membrane receptors are the
most intuitive to understand, since they should be at the right time to the right place in
order to allow or not allow the binding of the ligand [100]. Overall, the “master
regulators” of the intracellular vesicular trafficking are the Rab family proteins, among
which Rab11 is the main one involved in the recycling process [101].
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All the loaded molecules that are not destined to be recycled localize into the central
vacuolarregion of the EE and go through the maturation of the endosomal pathway. EEs
become late endosomes (LEs) or multivesicular bodies (MVBs) which are the final
mature endosomal form. MVBs form a number of vesicles by inward invagination of the
endosomal limiting membrane (which derives from the initial double invagination of the
plasma membrane) resulting in MVBs containing several intraluminal vesicles (ILVs).
MVBs can either fuse with lysosomes or with the plasma membrane [102]. This
endosomal maturation process implies changes also in the composition of the
endosomal membrane, starting from the substitution of sphingomyelin with ceramide
and Rab5, a well-established EE marker, with Rab7 which therefore became a good LE
marker [98].

The fusion between MVBs and lysosomes occurs whenever the MVB cargo should be
degraded. The autophagy process starts with the trapping of the cytoplasmic material
within double-membrane vesicles called autophagosomes, which can directly fuse
with lysosomes or fuse with MVBs to form amphisomes which will be then degraded
together [103]. For this reason, EV release and degradation processes are strictly
correlated between each other. It has been demonstrated that the induction of
autophagy by starvation reduces sEV release [104] whereas the inhibition of autophagy
by ATG7 depletion is able to enhance sEV secretion [105].

Lastly, when the MVBs fuse with the plasma membrane, ILVs are secreted into the
extracellular space and become sEVs [98]. The ILV formation step is crucial for the
entire process since it determines the future sEV composition. One of the most
important players in the ILV biogenesis is the Endosomal Sorting Complex Required for
Transport (ESCRT) which is a multiprotein complex that coordinates molecular binding
and membrane deformation events [98]. Based on this evidence, the main pathway
involved in ILV biogenesis is the ESCRT-dependent one, and few ESCRT proteins are
also involved in LEV release. The ESCRT pathway is composed of four distinct subsets

of complexes called ESCRT 0, I, Il, and Ill which all consist of class E vacuolar protein
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sorting (Vps) proteins [106]. Allthe ESCRT proteins and their functions are summarized

in Table 2.
COMPLEX COMPONENTS FUNCTION
binds endosomal limiting
ESCRT O Vps 27/Hrs, Hse1/STAM membrane and recruits
ESCRTI
clusters ubiquitinated
ESCRTI Vps %/3/!2(7;1&3/,b\$8 28, proteins under the clathrin
PSS/, coat and recruits ESCRT I
ESCRTII Vs 22/EAP30, Vps hrif;i:t?r? FiTL\??gr\r/rupastiiLn
25/EAP25, Vps 36/EAP45 & .
and cargo sorting
uosaoichs, | et nembrans
ESCRT I SNF7/CHMPA4, Vps budding and c;grgo sorting
24/CHMP2, Vps 2/CHMP3 along with ESCRT Il

Table 2. Components and functions of the ESCRT complexes, the main players in sV
biogenesis [98].

ESCRT proteins cooperate with other players in ILV generation like ATPase VPS4
(vacuolar sorting protein 4). These components work together sequentially. Initially,
ESCRT-0 is recruited to the endosomal limiting membrane, guided by ubiquitin tags on
the cytoplasmic domain of transmembrane proteins that are loaded and by PI3P [107].
ESCRT-0 and ESCRT-I then cluster these cargo proteins under a flat clathrin coat,
forming an endosomal membrane subdomain that buds into an ILV. This flat clathrin
coat prevents cargo protein diffusion and mediates ESCRT-0 dissociation [108]. After
that, ESCRT-Il and -lll are recruited to mediate membrane scission and ILV formation

with VPS4 [109]. At the same time, deubiquitinating enzymes are recruited to remove
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the ubiquitin tag from cargo proteins before releasing the new ILVs into the lumen of

MVBs [110].

Other important pathways for the ILV biogenesis that partially or do not involve ESCRT
complexes are:

e Syndecan-Syntenin-ALIX pathway. ALIX interacts with syndecans, a class of
transmembrane proteoglycans, through the scaffolding protein syntenin to
participate in the membrane budding steps of ILV biogenesis [111].

e Ceramide pathway. Ceramides are membrane sphingolipids enriched in lipid
rafts that are able to enhance ILV formation inducing spontaneous negative
curvature of the membrane in absence of ESCRT-I111[112].

e Tetraspanin pathway. Tetraspanins are a family of small transmembrane proteins
that are widely involved in many steps of the sEV formation process like cargo
sorting [113].

These pathways are therefore considered ESCRT-independent.

It is important to know that proteins involved in the intracellular process of sEV
biogenesis, then should be found in sEV: this is the reason why tetraspanins (CD9,
CD81, CD63), ALIX and TSG-101 are considered the main sV markers [114].

During all this biogenesis process, ILV cargo sorting takes place [98]. ILV cargo consists
in a variety of different molecules such as proteins, lipids, and nucleic acids which are
loaded by different mechanisms. Focusing on protein loading, they are recognized by
mono-ubiquitination by ESCRT complexes [115] and right after the loading, ubiquitin is
removed thanks to deubiquitinating enzymes recruited by ALIX[116].

Other protein sorting mechanisms that are ESCRT-independent have been discovered:
among them, the same mechanism involved in the chaperone mediated autophagy
mediated by LAMP2A (lysosomal associated membrane protein 2), has been found to

be responsible for the loading of proteins with the KFERQ motif into the ILVs [117].
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1.3.1.2.2. SEV RELEASE

Once the MVB biogenesis process is complete, mature ILVs that are not driven to
degradation pathway, are secreted in the extracellular space becoming sEVs. MVBs can
fuse with the phospholipid bilayer thanks to vSNARE proteins located on the vesicles,
and tSNAREs proteins located on the cell membrane [118]. SNARE proteins, like
VAMPs, syntaxins, and SNAPs, are key in fusing endosomal and plasma
membranes. VAMP7 on LEs forms complexes with syntaxins to enable this fusion
[119,120]. It has been found that VAMPS8 assists tau-carrying vesicles in merging
with the cell membrane in Alzheimer's models [121]. Syntaxin4 helps Hepatitis C
virus to spread by fusing virus-carrying MVBs with infected cell membranes [122]. In
Parkinson’s models, elevated a-synuclein levels decrease syntaxin4 and VAMP2
interaction, reducing SEV secretion [123].

Also, Rab family proteins are involved in this mechanism; in particular, Rab27a and
Rab27b actively take part in the vesicular docking at the cell membrane ensuring the

correct membrane targeting [124].

1.3.1.2.3. SEV UPTAKE BY TARGET CELLS

Once sEVs are released into extracellular space they become available for target cells.
The exact players involved in EV targeting are not fully understood, and the mechanism
whereby sEVs have a random or predicted destination remains uncertain [83].
However, sEVs can interact with target cells by binding to plasma membrane receptors
via sEV surface proteins (like tetraspanins, immunoglobulins, and proteoglycans)
fusing with the plasma membrane, or undergoing endocytosis (phagocytosis,
micropinocytosis, lipid raft-mediated, clathrin-mediated, or caveolin-mediated
endocytosis) [125]. In the mechanism of fusion between sEVs and the plasma
membrane the cargo is released into the cytoplasm of the target cell. Although this is
the most efficient delivery way, endocytosis is the predominant uptake mechanism.
Once entered, sEVs go through the endosomal system and release their cargo into the

cytoplasm, trying to avoid degradation, recycling, or direct secretion without affecting
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the target cell [80,126,127]. Among the proposed mechanisms for cargo release, there
is pH-dependent fusion with endosomes and permeabilization of endolysosomes
[128,129]. Since sEVs travel in the blood, they must be able to cross the endothelial
layer to reach their target. For example, it has been demonstrated that breast cancer-
derived sEVs enter endothelial cells via clathrin-mediated endocytosis, are sorted by
Rab11 for exocytosis at the basolateral membrane and are then secreted through
interactions between v-SNARE VAMP-3 on the sEVs and t-SNAREs SNAP23 and syntaxin

4 on the cellmembrane [130].

1.3.1.3. Apoptotic bodies

Apoptosis is the “physiological” mechanism through which cells die. It’s composed of
several stages, like nuclear chromatin condensation, membrane blebbing, and the
disruption of the cellular content into specific membrane-delimited vesicles called
apoptotic bodies or apoptosomes [131]. As apoptotic bodies are released into the
extracellular space, they are phagocytes by macrophages thanks to specific receptors
that canrecognize signal molecules on the apoptotic cellmembrane [132]. One of them

is Annexin V which is therefore a well-known marker for this EV subset [89].

1.3.2. EVsin cancer

A large body of evidence suggests that EVs are critically involved in the process of
tumour growth and dissemination. This is easy to guess since EVs are the main tool for
intercellular communication and therefore, over the last decades, the role of cancer-
derived EVs within the tumour microenvironment has been extensively researched
[91,133].

Many studies have shown that cancer cells release more EVs compared to non-cancer
cells, making the EV biogenesis machinery potential target for anticancer therapy.

Indeed, overexpression of ESCRT components, syntenin, and heparanase has been
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observed in various tumour types [134-139]. Furthermore, cancer-derived EVs have a
different protein and RNA cargo compared to normal cell EVs [140-143], which may be
the result of oncogenic signalling or altered microenvironmental conditions [144] and
which let them exert complex effects on the stromal cells, like endothelial cells and
fibroblasts. For example, pancreatic cancer-derived sEVs expressing tetraspanin 8
recruit proteins and mRNA that are able to enhance the angiogenesis process in
endothelial cells [145]. Moreover, it has been demonstrated that sEV containing TGF-3
can convert fibroblasts into myofibroblasts, promoting vascularization, tumour growth,
and local invasion [146]. Also breast cancer-derived sEV can induce the expression of
a myofibroblastic phenotype in adipose tissue-derived mesenchymal stem cells,
increasing the expression of pro-tumorigenic factors like TGF-B, VEGF, SDF-1, and
CCL5[147]. The same is valid for the tumour stroma-derived sEVs: for instance, breast
cancer-associated fibroblasts (CAFs) release sEVs that can promote tumour motility,
invasion, and dissemination through the Wnt signaling pathway [80].

Regarding rhabdomyosarcoma, little is known about RMS-derived EVs. Ghayad et al
evaluated the secretome derived from a panel of 5 cell lines (both ARMS and ERMS cell
lines). Characterizing the subpopulation of sEVs they found that they carry specific
miRNA involved in crucial pathways for the cancer signaling networks, like tumour
growth, survival, angiogenesis, escape from immune surveillance, migration, and
invasion [148]. Another study from Fahs et al demonstrated that the EV derived from
human ERMS cell line JR1, and the ARMS cell line Rh41 carry CD147 which contributes

to cellular invasiveness and migration abilities [149].

21



2. AIM

Given the limits in the current knowledge regarding the characterization of RD-derived
EVs and their effects, and given the pivotal role of Cav-1 in rhabdomyosarcoma
progression, the aim of the present study is to assess whether Cav-1 has an impact on
the secretion and loading of RD-derived EVs, and whether EVs could contribute to the

increased aggressiveness of RD cells overexpressing CAV-1.
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3. MATERIALS AND METHODS

3.1. Cell cultures

For the study we employed three “in vitro" model of Human embryonal RD cells (RD-
Mock, RD-CAV1f, RD-CAV1™) that were kindly provided by Professor Fanzani
(University of Brescia, Italy). RD-Mock cells derived from the European Collection of
Cell Cultures (ECACC, Salisbury, UK) transfected with an empty vector, RD-CAV1™ are
engineered for Cav-1 overexpression [70] and RD-CAV 172 cells derived from the second
generation of lung metastases after RD-CAV1™ injection in mice as described in
Codenottietal. [72].

Cells were routinely maintained at 37 °C, 5% CO2 in high-glucose Dulbecco's modified
eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Life Technologies, Monza, Italy), 100 mg/ml penicillin/streptomycin (P/S),
glutamine 2 mM, 0.5 mg/ml G418 and 1% amphotericin B antibiotics. For all the EV
isolation experiments, we used the complete growth medium supplemented with 10%
of exo-free FBS. exo-free FBS was obtained by overnight ultracentrifugation at 4 °C and
110,000 g using a SW28 rotor in a Beckman ultracentrifuge, the supernatant was
carefully removed with a pipette, passed through a 0.22 pm filter and then added to
DMEM.

The human monocytic cell line THP-1 was used as an in vitro model of human
macrophages and was routinely maintained at 37 °C, 5% CO2 in RPMI medium
supplemented with 10% FBS, 100 mg/ml penicillin/streptomycin (P/S), glutamine 2
mM.

3.2. Extracellular vesicle isolation

RD-derived EVs were isolated by using sequential ultracentrifugation methods
following the guidelines developed by the International Society for Extracellular
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Vesicles (ISEV) in 2018 [92]: cell-conditioned medium was collected and subjected to
two serial centrifugations for 30 min at 1000 and 2000 g at 4°C to remove debris and
apoptotic bodies. Then, the supernatant was further centrifuged at 18000 g for 30 min
at 4°C to obtain large EVs ((EVs). The resulting supernatant was further ultracentrifuged
at 110,000 g for 2:30 h at 4°C, to obtain small-EVs (SEVs).

For proteomic analysis the conditioned medium was collected and ultracentrifuged at
110,000 g for 4 h, to obtain allthe EVs. The pellet was then resuspended in sucrose 0,25
M and further separated into 12 fractions by density gradient isolation method. Each
fraction was further ultracentrifuged at 50,000 rpm per 2h, The pellets were

resuspended in PBS and used for further analyses.
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FIGURE 5. Schematic representation of the ultracentrifugation protocol employed in the
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study to isolate EV subpopulations from RD-cell lines.

3.3. Early (EE) and late (LE) endosome isolation

The separation of EEs and LEs has been conducted at NOVA Medical School, Lisbon,

Portugal, during the visiting period at Joao Ferreira’s lab according to his instructions
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[117,150]. Each RD cell line was cultured in up to two 150 mm plates in its complete
medium, then washed and collected with ice-cold PBS and a cell scraper. Cells were
pelleted at 300g for 5 min at4 degrees and resuspended in a homogenization buffer [HB;
250 mM sucrose, 3 mM imidazole (pH 7.4), 1 mM EDTA and 0.03 mM cycloheximide in
which they were loosened using cold finger. Samples were then centrifuged at 1300g
for 10 min at 4°C and the pellet was gently resuspended with a wide-cut tip in three
times the pellet volume of HB. The suspension was passed through a 25-gauge needle,
attached to a 1-ml syringe, 10 times. The homogenate was then further diluted in HB (1
part homogenate to 0.7 parts HB) and centrifuged at 1600g for 10 min at 4°C. The
supernatant was collected and centrifuged again in the same conditions. The post-
nuclear supernatant (PNS) that originated from the second centrifugation contains the
endosomal fractions, whereas the pellet contains the nuclei. PNS was then mixed with
a 62% sucrose solution (to reach a 40.6% solution) and loaded at the bottom of an
ultracentrifuge tube. Excess PNS was used as a separate condition in the downstream
WB analysis. The 40.6% solution was overlaid with 1.5 volumes of 35% sucrose solution
and 1 volume of 25% sucrose solution, and the tube was filled to the top with HB. The
gradient was centrifuged at 210,000g overnight at 4°C, using a 70.1 Ti rotor. LEs are
located in the 25%/HB interface whereas EEs are in the 35%/25% one. The endosomal
fractions were collected and diluted in 35 ml of HB solution and centrifuged again at
100,000 g for 1 hourinan SW 32 Tirotor. The organelle pellets were resuspended in PBS

and denatured in Laemmli buffer for the WB analysis.

3.3. Nanoparticle tracking analysis

NTA measurements were performed using the NanoSight LM10 (NanoSight, Amesbury,
United Kingdom) and three videos of either 30 s or 60 s were recorded of each sample.
The NTA 3.1 software (Nanosight) was used for capturing and analysing the data, which
are presented as the mean = SD of the three video recordings. Standards 100 and 400

nm beads were supplied by Malvern Instruments Ltd. (Malvern, UK).
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3.4. Western Blot Analysis

Whole proteins were extracted from the organic phase of RD-EVs or cell body samples
obtained from QIAzol Reagent lysis (Qiagen User Protocol RY16 May-04). The protein
pellet was resuspended in ISOT buffer (8 M urea, 4% CHAPS, 65 mM DTE (1,4-
Dithioerythritol), 40 mM Tris base supplemented with SigmaFAST Protease Inhibitor
Cocktail (Sigma-Aldrich) and 10 mM Sodium Fluoride. The obtained suspension was
sonicated with 10 s pulse and then centrifuged at 12,000 g for 10 minutes at 4 °C.

For cell body samples, protein concentration was assessed by Bradford assay [151]
using Bio-Rad Protein Assay Dye Reagent Concentrate (Biorad) and for EV protein by
BCA assay. Equal protein quantities were loaded and separated on 10% SDS-PAGE gel
and transferred to Immuno blot Polyvinylidene Difluoride membranes, 0.2 um (PVDF,
ThermoFisher Scientific). Primary antibodies used were obtained from commercial
sources as follows: LC3B (E7X4S), Grp94 (2104), CD81 (D3N2D), CD9 (D801A), Lamp-1
(D2D11XP) and RAB11 (D4F5) from Cell Signaling Technology; Tsg101 (T5701), Actin
(A5060), RAB5 (R4654) and a-tubulin (T5168) from Sigma; Alix (sc-53538) and CAV-1 (sc-
894) from Santa Cruz Biotechnology; Syntenin-1 (GTX108470) and RAB7 (GTX132548)
from GeneTex; CD63 (TS63) from Invitrogen; Flotillin-1 (ab41927) from AbCam.

For PNS, EE and LE fraction, samples were denatured in Laemmli buffer, and the protein
concentration was determined by Micro-BCA assay. The same protein quantity for each
sample was separated on a 10% SDS gel and transferred to a nitrocellulose membrane.
Primary antibodies used were obtained from commercial sources as follows: EEA1
(SICGEN, AB0006-200); RAB7 (SICGEN AB0033-200); LAMP2A (Abcam, ab18528);
LAMP2B (Abcam, ab18529); LAMP2 (SANTACRUZ SC-18822); CD63 (SICGEN AB0047-
500); CD81 (SICGEN AB0361-200); HIST3 (Cell Signaling 4499T); FLOT-1 (BD
Biosciences 610821).

Primary antibodies were incubated overnight at 4°C, followed by washing and the
incubation with specific secondary HRP-conjugated antibodies (Pierce). Immune

complexes were visualized using the Clarity and/or Clarity Max Western ECL Substrate
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Luminol solution (Bio-Rad). Chemiluminescence was measured using a BioRad

ChemiDoc MP Imaging System (BioRad).

3.5. Transmission and Scanning Electron Microscopy

All specimens were fixed in 2% glutaraldehyde/2% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.2) overnight at 4°C, then post-fixed in 1% osmium tetroxide for
an additional hour. For TEM analysis, fixed samples were dehydrated in an acetone
series and embedded in an Epon-Araldite mixture. Thin sections (60 nm) were cut using
an MTX ultramicrotome (RMC, Tucson, AZ, USA), stained with lead citrate, and imaged
at 80 kV in a Philips CM10 transmission electron microscope (FEI-Thermo Fisher). For
SEM, after fixation, samples were dehydrated in an ethyl alcohol series, chemically
dried using hexamethyldisilazane (HMDS), mounted on aluminium stubs, coated with

gold, and imaged at 10 kV in a Zeiss Supra 40 Scanning Microscope.

3.6. Proteomic analysis

The ProteinGroups file from MaxQuant was initially filtered in Perseus to remove
common contaminants, reverse proteins, proteins identified only by site, and those
with less than 50% valid values in at least one sample group. After filtering, the matrix
was exported to R, performing 5 quantile knn imputation. In groups with more than 50%
valid values, the knn algorithm was used; for proteins with less than 50% valid values,
missing values were imputed using the sample 5 quantile. The complete, imputed
matrix was then re-imported into Perseus, where Welch's T-tests were conducted
between the two groups, with the FDR controlled at 0.05 using the Benjamini-Hochberg

method.
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3.7. Flow cytometry analysis

Flow cytometry analysis has been conducted in order to confirm western blot results
on tetraspanins. The same volume of RD-derived sEVs was resuspended in dPBS and
stained for 30 minutes at room temperature with the corresponding antibodies for
surface marker analysis: CD81-PE (BD Biosciences), CD9-FITC (Biotium) and then with
ExoBrite™ 640/660 APC - EV Membrane Staining Kit for 30 minutes more at room

temperature. Data were analysed using FlowJo software.

3.8. Live-cell imaging

RD-cells were cultured in p-Slide eight-well chambered coverslips (Ibidi) and treated
according to the protocol described by Bright et al, slightly revisited [152]. When cells
reached 80% confluence, lysosomes were loaded with SiR-Lysosome which is based
on the fluorophore silicon rhodamine (SiR) and the cathepsin D binding peptide
pepstatin A. Cells incubated for 2 h at 37°C with SiR-Lysosome in complete growth
medium, then we washed with PBS and added Dextran Texas Red for 5 minutes
followed by a chase of 5 minutes in conjugate-free medium in order to evaluate the
endocytic pathway from the EEs to the lysosomes. Live cells were imaged starting from
5 minutes and up to 40 minutes after the dextran removal, in a Zeiss LSM 710 confocal

microscope using a 63x 1.4 Plan-Apochromat oil-immersion objective.

3.9. Lysotracker

Lysotracker staining has been performed to assess any difference in lysosomal activity
between the three cell lines. For the fluorescence microscopy analysis, cells were
seeded on a glass coverslip in 24-well plate and treated when they reached 80%
confluence with Lysotracker Green DND-24 (L7526 Thermo Scientific) 50 nM in
complete growth medium: after 2h of incubation at 37°C and 5% CO2 cells were fixed

in paraformaldehyde 4% for 20 minutes at room temperature. Nuclear DNA was stained
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with 4,6-diamino-2-phenylindole (DAPI, 1:2000 dilution, Sigma). Stained samples were
mounted in Mowiol 4-88 (Sigma-Aldrich) and photographed using a DC300F digital
camera connected to a Fluorescence microscope (IM50 software Leica, Wetzlar,
Germany). For the flow cytometry analysis cells were seeded in a 6-well plate and after
2h of incubation with Lysotracker at the same concentration and conditions as above,
cells were trypsinized, collected in PBS and analysed with FACSMelody Cell Sorter. The

acquired data were analysed by ImagelJ and FlowJo softwares, respectively.

3.10. Wound healing assay

Huvec cells were seeded in 6-well plates and pre-treated for 2 h with 10 uM PD098059
or DMSO; as they formed confluent monolayers they were wounded by scraping the
cells with a 200 pl-sterile micropipette tip. Images of wound healing were acquired after
0 h, 3hand 6 h by an inverted light microscope (Olympus IX50; Olympus, Tokyo, Japan)
using CellR Software (Olympus, Tokyo, Japan). The percentage of wound repair was
quantified by measuring the healed area using Imagel software. Results were presented

as a percentage of the repaired area respect to time 0 h (CTRL).

3.11. Transwell migration assay

Migration Assay was performed by using Transwell permeable supports with a
membrane lterof 8 pm pores: HUVEC cells were seeded on the top of the membrane
and treated for 24 h with purified stV (2,5 - 5 - 10 yg/ml) and with the supernatants
(collected after sEV centrifugation) concentrated with 10 kDa membrane to obtain

concentrated total proteins (25 -50 - 100 pg/ml).

3.13. Statistical analysis

Analyses were conducted by using unpaired Student's t test and One-Way Anova test,

GraphPad Prism 8 software (GraphPad Software, San Diego, USA). Statistical analysis
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was performed using Student’s t-test, one-way ANOVA with either a Tukey’s
(parametric) or Kruskal-Wallis (non-parametric) post hoc test unless otherwise stated.
Statements of significance were based on a p-value of less than 0.05. Significance is

equalto *p <0.05, **p <0.01, ***p <0.001 and ***p < 0.0001.
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4. RESULTS

4.1. Extracellular vesicle secretion increases in caveolin-1 overexpressing

cells

Despite the controversial role of Cav-1 in cancer progression, recent studies have
demonstrated that Cav-1 overexpression increases metastasis formation in a human
model of embryonal rhabdomyosarcoma (RD) [72]. Furthermore, it has been shown
that Cav-1 has not only a structural role in the plasma membrane but can also affect

the EV release [24].

SEM
LIGHT 20X 7.

RD-Mock

FIGURE 6. Morphological analysis of RD-cells through scanning and transmission electron
microscopy techniques (SEM and TEM) highlighted the higher number of protrusions and MVB-
like formations in RD cells overexpressing Cav-1 compared to the control.
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Given the potential role of EV in the enhancement of tumour progression and in order to
assess whether Cav-1 overexpression correlates with an altered EV release in
rhabdomyosarcoma, we employed three RD cell lines: RD-Mock, which does not
overexpress Cav-1, and RD-CAV1™ engineered for Cav-1 overexpression, and RD-
CAV1™ derived from the second generation of lung metastases after RD-CAV1M
injection in mice, which have already been proven to be characterized by higher cell
proliferation, migration and invasiveness [70, 72]. We first performed scanning and
transmission electron microscopy analyses (Fig. 6), and we saw a greater number of
protrusions in RD cell overexpressing Cav-1 compared to RD-Mock, which means that
these cells undergo to a deep plasma membrane reorganization that may correlates
with a higher EV release.

Furthermore, TEM analysis revealed a higher number of intracellular organelles
surrounded by membranes that look like MVBs in RD cells overexpressing Cav-1
compared to RD-Mock. We then assumed that this morphological information could
correlate with the hypothesis that Cav-1 overexpression may be able to increase RD-EV
production.

According to the Minimal Information for Studies of Extracellular Vesicles guidelines by
the International Society for Extracellular Vesicles (MISEV 2018) [92] in which
Nanoparticle Tracking Analysis (NTA) is one of the first steps for the proper EV
characterization, we performed it to further confirmed our hypothesis. The three cell
lines were incubated in their complete medium with exosome free-FBS for at least 72
h; the conditioned media were then collected and processed by a protocol of sequential
ultracentrifugation according to the guidelines [92].

NTA revealed the correct size of the two EV subpopulations obtained (Fig. 7A) and
highlighted that RD cells overexpressing Cav-1 release 3-4 fold more EVs compared to
RD-Mock, as expected. In particular, RD-CAV1- and RD-CAV12-derived sEV are found
to be 10 times more abundant than [(EVs released from the same cells (Fig. 7B), making

us more interested in the subpopulation of sEVs for the subsequent analyses.
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FIGURE 7. (A) Nanoparticle Tracking Analysis (NTA) confirmed the correct size of the isolated
[EVs and sEVs and (B) demonstrated that RD-CAV1™ and RD-CAV1™ cells release a higher
amount of vesicles, particularly sEVs, compared to RD-mock.

Overall, morphological analysis and NTA analysis demonstrated that Cav-1
overexpression is correlated with an increased vesiculation which could be one of the

factors contributing to the acquired aggressive metastatic behaviour of the RD-CAV 1™

and RD-CAV1™ cells.
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4.2. Caveolin-1 overexpression induces the release of tetraspanin-free

sEVs.

Right after the physical characterization, we moved on with the analysis of the key EV
markers by western blot analysis (WB) in which we demonstrated the presence of Alix,
Flotillin-1, Syntenin-1, and TSG101 in the sEV subpopulation, and of the endoplasmic
reticulum marker Grp94 in the (EV one (Fig.8A).
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FIGURE 8. (A) Western blot analysis confirms the presence of typical markers in both EV
subpopulations, except for CD9 and CD81 which are not detected in RD-CAV1-derived sEVs.
Density gradient separation was performed to further purify SEV samples: (B) among the 12
fractions obtained, 6 and 7 were found to be the most enriched ones in 80-120 nm particles.
(C) Western blot analysis performed on all the RD-Mock and RD-CAV1F2- derived fractions
confirmed previous data about the expression of Cav-1, Alix, TSG-101, syntenin-1 and flotillin-
1, without detecting CD81, CD9 and also CD63 in RD-CAV1-derived sEVs.

Cav-1 levels have been confirmed to be higher in RD-CAV1™ and RD-CAV1™ derived
EVs, as expected, while we surprisingly detected CD9 and CD81 only in RD-Mock
derived EVs (Fig.8A). This finding opened a consideration about the potential ability of
Cav-1to alter the sEV protein composition together with the amount of their secretion.
In order to confirm these data, we further purified the sV subpopulation by Optiprep
density gradient separation and we found that fractions 6-7 were the most enriched
fractions in 80-120 nm particles (Fig. 8B). Moreover, WB analysis performed on all the
fractions confirmed the presence of the typical biogenesis markers like TSG-101 and
Alix and their enrichment in the same fractions revealed by NTA (Fig. 8C). WB analysis
also confirmed the expression of CD81 and CD9 only in RD-Mock derived fractions and
extended this data to CD63, which has been also undetected in RD-CAV1™ and RD-
CAV1™ derived fractions (Fig. 8C).

Given the well-known relevance of tetraspanins, and in particular of CD63, in the whole
extracellular vesicle machinery function [153], we further investigate this atypical
tetraspanin expression on the whole cell bodies from all the three cell lines. As shown
in Fig. 9A, CD9, CD63 and CD81 are not detected in RD-CAV1™ and RD-CAV17 whole
cell lysate and the same result has been obtained by flow cytometry analysis (Fig. 9B
upper panel) in which RD-CAV1 and RD-CAV1™2 histograms always overlap, and the
more positive one is the RD-Mock sample for all the three tetraspanins. An equivalent
outcome has been obtained by the flow cytometry analysis of the sEV subpopulation
(Fig. 9B lower panel). One of the challenges to analyse vesicles with flow cytometers is

related to their dimension, and the main risk is to take into account the background

35



particles during the sample processing. In order to avoid this problem, we first stained
sEVs with ExoBrite™ 640/660 APC which is a specific EV Membrane Staining Kit used to
be sure that the ones analysed downstream were effectively lipid-bound vesicles, prior
to the staining with the tetraspanin antibodies.

Once we assessed the lower expression of the tetraspanin proteins both in the sEVs
and inthe CBs of the RD-CAV1°and RD-CAV1™samples, we decided to determine their
MRNA expression levels and surprisingly, we didn’t find significant differences among

the three cell lines (Fig. 9C).
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FIGURE 9. (A) In the western blot analysis performed on the whole cell extracts of the three
cell lines CD81, CD9 and CD63 tetraspanins are not detected in RD-CAV1 samples. (B) Flow
cytometry analysis was performed on both cell bodies (upper panel) and sEV subpopulation
(lower panel) and confirmed the decreased levels of each tetraspanin in RD-CAV1 samples. (C)
CD9, CD81 and CD63 mRNA expression levels are almost unchanged among the three cell
lines, suggesting that post-transcriptional factors may be involved in this mechanism, instead
of gene loss.

This result corroborates with flow cytometry data in which we do not assist to a lack of
tetraspanins in RD samples overexpressing Cav-1, but to a decrease of their expression
compared to the control, suggesting that other factors (such as miRNA) may be involved

in this mechanism, instead of the gene loss.

4.3. sV protein profile is altered in caveolin-1 overexpressing cells

It has already been demonstrated that tetraspanin expression can undergo up- or
downregulation for severalreasons in cells, and subsequently in sEV. In order to further
understand this mechanism in our model and to acquire more information about Cav-
1'simpactonthe overall sEV protein loading, we performed the proteomic analysis. SEV
subpopulations derived from RD-Mock and RD-CAV1™2 cells were further purified by
Optiprep density gradient separation as previously described, and the extracted
proteins from the most enriched fractions were subjected to LC-MS/MS proteomic

analysis. The comparison between our SEV proteomic data and the EV database
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Vesiclepedia [154] showed that most of the proteins found in our datasets have been

previously identified in other EV studies, confirming the strength of our purification
protocol.
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confirmed that RD-CAV1™ sEVs are characterized by an overall less protein cargo and
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results to many other tetraspanins. (D) The distribution of the identified proteins within the
various cellular components shows that a high percentage of them are typical of the sEV
subpopulation.

As shown in Fig. 10A, we found around 1000 different proteins expressed in RD-Mock-

derived SEVs and only 555 in RD-CAV1-derived sEVs with 499 shared proteins. The
volcano plot (Fig. 10B) highlights that RD-CAV1" derived sEVs not only have a lower
protein load compared to the control but also that those proteins are less expressed.
Indeed, focusing on tetraspanins, it has been confirmed that CD9 and CD81 expression
is lower in RD-CAV17 derived sEVs compared to the control, and this data has been
extended to many other CDs (Fig. 10C). Moreover, proteomic analysis revealed the
distribution of the identified proteins within the various cellular components and a high
percentage of them are found to be typical of the sEV subpopulation, validating both
the integrity of the sEV isolation method employed and their biogenesis from MVBs
(Fig.10D).

Overall, with the proteomic analysis we confirmed the WB and flow cytometry results
regarding the tetraspanin expression, and we demonstrated that Cav-1 overexpression
has an impact on the whole sEV protein loading, since RD cells overexpressing Cav-1

release more but “emptier” vesicles compared to RD-Mock.

4.4. Caveolin-1 overexpression enhances intracellular vesicular trafficking

Given the huge differences that Cav-1 overexpression is found to induce in the amount
of EV secreted aswellasin their protein loading, the next step was to further understand
if there were such extensive changes also in the intracellular vesicular trafficking, from
which sEV biogenesis and secretion are closely dependent.

As previously anticipated, Rab proteins are a family of small GTPases with a key role in
the process of intracellular vesicular trafficking [155]. It is well-known that Rab5, Rab7
and Rab11 are the key endosomal Rabs involved in the EE: Rab5 has multiple functions
in the EEs interacting with a number of downstream target like class C core

vacuole/endosome tethering (CORVET) complex or EEA1 [156] and more recent studies
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found that itis involved in the recruitment and activation of ESCRT Il [157]; Rab7 is the
most important component of LEs since it actively participates in their biogenesis and
fusion [158]; Rab11 is mainly involved in the endosomal recycling machinery [101]. Fig.
11A shows that the expression of Rab5, Rab7 and Rab11 is higher in the protein extract
of RD-CAV1F® and RD-CAV 12 cell bodies compared to the RD-Mock sample. The same
happens to Flotillin-1, a protein enriched in lipid rafts, which is a key player in the
endocytic pathway (Fig. 11A). Another important endosomal marker is the
lysobisphosphatidic acid (LBPA), an atypical phospholipid which is found to be
enriched in LEs and in ILVs [159]. Our immunostaining results (Fig. 11B higher panel)
show a progressive increase in the presence of LBPA from RD-Mock to RD-CAV1 2 cells,
confirming the relative higher abundance of mature endosomes where Cav-1 is
overexpressed. The same result was obtained with the syntenin-1 immunostaining (Fig.
11B lower panel). Syntenin-1 is an ubiquitous protein with several intracellular
functions [160] which is recently found to be involved in ILVs biogenesis by interacting
with syndecan and ALIX in an ESCRT-independent manner [111]. In our model, higher
Syntenin-1 expression in RD cells overexpressing Cav-1 (Fig. 11B lower panel)
corroborates with all the previous data about Rabs, flotillin-1 and LBPA, indicating that

Cav-1 caninduce deep modifications in the intracellular secretory machinery.
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FIGURE 11. Cav-1 overexpressioninduces anincrease in intracellular vesicular trafficking. (A)

Western blot analysis shows higher expression of flotillin-1 and Rab proteins in RD-cells

overexpressing Cav-1 compared to the control. (B) LBPA and syntenin-1 were found to be more

represented in RD-cells overexpressing Cav-1 by immunostaining. (C) Endosomal fraction
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isolation confirms CD63 and CD81 data and demonstrates LAMP2A decrease in RD-CAV1
samples, providing a possible explanation for the lower vesicular load in RD-CAV1-derived
sEVs. (D, E) Live cellimaging demonstrates the higher speed of dextran endocytosis in RD-cells
overexpressing Cav-1 showing a higher number of colocalized dots at each time point
compared to RD-Mock.

In order to further investigate the expression trend of the key endosomal markers we
performed the isolation of the EE and LE endosomal compartments from the three RD
celllines (Fig. 11C). Following the detailed protocol previously described (Section 3.3),
we obtained three samples for each cell line: post-nuclear supernatant (PNS), EEs and
LEs which were then subjected to the western blot analysis. EEA1 and Rab7 expression
levels confirmed the correct isolation with non-significant contamination among the EE
and LE fractions. Interestingly, Rab7 follows the same trend of expression found in the
whole cell bodies through the endosomal pathways of the three cell lines, with a 5-fold
increase in RD-CAV1™ derived LEs compared to the control. Therefore, the higher
(although not that relevant) expression levels of EEA1 in RD-Mock derived EEs may be
explained by the lower rate of endosomal maturation compared to RD cells
overexpressing Cav-1. The flotillin-1 expression trend on the PNS fractions confirms the
WB data on the cell bodies (Fig.9A) while its expression in endosomal compartments is
overall higher in RD cells overexpressing Cav-1, supporting the WB data obtained from
the sEV fractions (Fig.8A, C). The same is true for CD81 expression levels which are
lower in RD-CAV1F and RD-CAV1F derived LEs compared to the control; even more
noticeable are the different expression levels of CD63 which has been detected only in
RD-Mock fractions (Fig. 11C). All these endosome-related data not only give feedback
of the key marker expression levels and their differences among the three cell lines, but
also it also provides the evidence that those isolated and analysed, despite the
downregulation of certain typical markers (e.g. tetraspanins CD9, CD81 and CD63), are
effectively sEVs originating from the endosomal pathway.

Furthermore, given the recent findings on LAMP2A about its involvement in the loading
of specific protein subset containing KFERQ motif into the sEVs [117] and given the deep

differences in the protein cargo in our model, we decided to further evaluate its
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expression into the endosomal compartments and we found that it’s less detected in
RD-CAV1f and RD-CAV1™ derived LEs compared to the control (Fig. 11C). In order to
confirm this data we also checked for the expression of HIST-H3 (histone-H3), a nuclear
protein which contains the KFERQ motif. WB revealed its presence in all the RD-derived
PNS fractions but its loading in the endosomal machinery was detected only in RD-
Mock samples. This finding is in line with the evidence of the proteomic analysis in
which we found an overall less protein loading in RD-CAV1™ and RD-CAV1™ derived
SEVs, and this could be one of the mechanisms involved in it. Notably, the isoform
LAMP2B exhibits an opposite trend compared to LAMP2A, significantly increasing as a
compensatory mechanism, while total LAMP2 is undetectable in RD-CAV1™ and RD-
CAV1F2 samples. This result suggests that Cav-1 overexpression might induce post-
translational modifications to LAMP2 isoforms in the shared epitope recognized by the
total LAMP2 antibody, making them detectable only in RD-Mock samples; this is a
preliminary hypothesis that needs further insights.

Lastly, starting from the evidence of the increased intracellular vesicular trafficking, the
higher maturation of the late endosomal compartments and the increased vesicle
released in Cav-1 overexpressing cells compared to the control, we further investigated
upstream in the process focusing on the endocytosis mechanism. RD-Mock, RD-
CAV1F and RD-CAV1™cells were incubated with SiR-Lysosome and Dextran Texas Red
according to the protocol previously described (section 3.8). Since Sir-Lysosome
localizes in the lysosomal compartments binding cathepsin-D and dextran is a high
molecular weight polysaccharide that has generally been used as a marker for
macropinocytosis [117,161], we performed live cell imaging in order to evaluate any
differences in the endocytic pathway from the EEs to the lysosomes among the three
RD-cell lines. Images were taken with a confocal microscope starting from 5 and up to
40 minutes after the dextran removal. Here we show the first and the last sets of images
of the three cell lines (Fig. 11D). SiR-Lysosome (green dots) correctly labelled the RD-
Lysosomes and dextran (red dots) properly entered inside the cells. The first set of

images shows poor colocalization in all the three cell lines whereas at 40 minutes after
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the dextran removalis evident the higher amount of colocalized dots in RD-CAV1™cells
compared to the RD-Mock ones. By counting the number of colocalized dots at each
time point by Imagel software and considering the average of 4 pictures taken at each
time-point for both the cell lines, we can conclude that dextran goes faster through the
endocytic pathway in RD cells overexpressing Cav-1 (Fig. 11E), confirming that Cav-1
overexpression induces intracellular modifications leading to an increased vesicular

trafficking.

4.5. Lysosomal function is impaired in caveolin-1 overexpressing cells

Given the effects of Cav-1 overexpression on endosomal trafficking and given the close
connection between endosomes and lysosomes, another relevant aspect that we have
explored is related to the lysosomal functions. As previously mentioned, MVBs can
either be directed to lysosomes for degradation or transported to the plasma
membrane for EV secretion [103]. Recently, it has been demonstrated that Cav-1
overexpression can induce ROS production, which potentially leads to lysosomal
disruption [162]. The subsequent lysosomal dysfunction might shift multivesicular
bodies from degradation pathways to plasma membrane fusion, leading to an
increased EV secretionin cells overexpressing Cav-1. In order to test this hypothesis we
first checked for the presence of the main lysosomal proteins such as the lysosomal-
associated membrane proteins 1 (LAMP1) and 2 (LAMP2). WB analysis performed on
the RD-cell bodies did not detect LAMP1 in RD cells overexpressing Cav-1 (Fig. 12A)
corroborating with the LAMP1 immunostaining analysis (Fig.12B). The same result has
been obtained for LAMP2 (Fig. 12A), confirming the outcomes from the endosomal
compartment analysis. We also looked for the presence of Cathepsin-B, a lysosomal
cysteine peptidase which, conversely, was found to be more represented in RD-CAV1™
and RD-CAV172 cells compared to the control (Fig. 12A). Furthermore, Lysotracker
Green DND-24 has been used to assess any differences in the acidity (e. g. activity) of

the lysosomal compartments. Both immunostaining and flow cytometry analyses
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highlighted the fluorescence decrease in RD-CAV1™ and RD-CAV1™ cells (Fig. 12C),
demonstrating less activity of Cav-1 overexpressing cell lysosomes. Given the
Lysotracker outcome and since Cathepsin-B works only at low pH [163], we also
performed a preliminary functional assay in order to evaluate its activity instead of just
the protein expression levels. Magic Red Cathepsin B kit (Biorad) was used to stain RD-
cells according to the manufacturer’s instructions for adherent cells. Cells were then
detached and fixed in suspension in paraformaldehyde 4%, washed and analysed by
flow cytometry. The histogram shows a progressive decrease of the protease activity in
RD cells overexpressing Cav-1 compared to the control (Fig.12D). We can conclude that
in RD-CAV1F and RD-CAV1™2 cells Cathepsin B, as well as Cathepsin-D previously
identified by SiR-Lysosome staining, is expressed but its activity is lower compared to
RD-Mock cells, confirming the Lysotracker data about the decreased lysosomal acidity.
Moreover, in these cells the mMRNA expression levels of many players in the autophagy
machinery like ATG, LC3, NBR1, ULK1, WDR45, p62 and beclin, were found to be lower
compared to the control (Fig. 12E). LC3 (autophagy marker Light Chain 3) undergoes
cleavage at the carboxy terminus immediately after synthesis, resulting in the cytosolic
form LC3-1 which, during autophagy, is lipidated by a ubiquitin-like system involving
Atg7 and Atg3, converting it into LC3-Il. The presence of LC3 in autophagosomes and
the conversion of LC3-| to the lower migrating form LC3-Il, are widely used as markers
of autophagy [164-167]. Therefore RD-Mock and RD-CAV1™ cells were subjected to
starvation by FBS deprivation and collected after 1h - 4h - 24h. WB analysis performed
on the cell bodies demonstrated the lower LC3-1/LC3-Il conversion in RD-CAV1™ cells
ateach time-point, confirming the less autophagic activity compared to the control (Fig.

12F).
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FIGURE 12. (A) Western blot analysis did not detect lysosomal associated protein LAMP-1and
LAMP-2 in RD-CAV1-cell bodies, which instead express cathepsin-B. (B) Immunostaining
confirmed that LAMP-1 is less expressed in RD-CAV1™ and RD-CAV 17 cells compared to the
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control. (C) Lysotracker staining showed less acidity in RD-CAV1 lysosomal compartments,
suggesting less lysosomal activity, which has been confirmed by flow cytometry analysis. (D)
Despite the detection of the protein by WB analysis, Magic Red assay demonstrated less
cathepsin-B protease activity, corroborating with Lysotracker data. (E) real-time g-PCR
showed less expression of ATG, LC3, NBR1, ULK1, WDR45, p62 and beclin mRNA expression
levels and (F) starvation conditions demonstrated a decreased LC3-I/ LC3-Il conversion in RD-
CAV172 cells compared to the RD-Mock. All these data suggest that Cav-1 overexpression
affects lysosomal activity inducing autophagy impairment.

Taken together, these data demonstrate that Cav-1 overexpression causes an
impairment in the lysosomal activity and at the same time increases the endosomal
intracellular trafficking, promoting the MVB fusion with the plasma membrane rather
than with lysosomes for the degradation, leading to a significantly higher sEV release in

these cells.

4.6. RD cells overexpressing caveolin-1 release vesicles that modulate the

tumour microenvironment

It is well known that EVs are involved in the process of tumour progression and since
they are released by all cells for intercellular communication, it’s easy to figure out that
cancer-derived EVs can have an effect on the tumour microenvironment [168-170].
Many studies have demonstrated the ability of cancer-derived EVs to enhance the
development of a metastatic tumour niche as well as the evasion of the immune system
[171-173]. For this reason, and considering both the high metastatic potential of RD
cells overexpressing Cav-1 and their altered vesicular secretome, we employed the RD-
derived EVs for the treatment of HUVECs (human endothelial cell line) and THP-1

(human monocytic cell line).

4.6.1. RD-CAV1 sEVs induce migration and proliferation in HUVECs

It has already been demonstrated that Cav-1 overexpression in RD cells promotes the

development of malignant features, including metastasis formation through Erk
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pathway hyperactivation [72]. Given the deep alterations of the vesicular secretome in
RD cells overexpressing Cav-1 we decided to investigate whether RD-EVs may be
involved in the process of RD dissemination. The exo-free FBS conditioned media
obtained from RD-Mock and RD-CAV 1™ cells were centrifuged as previously described
to obtain sEV subpopulation; the derived supernatants were then concentrated with 10
kDa membrane to obtain concentrated total proteins. HUVECs were first treated in a
transwell migration assay with three different concentrations of total proteins which
demonstrated to be not cytotoxic (data not shown). After 24 h of co-incubation, RD-
CAV1™-derived proteins have enhanced endothelial migration more than RD-Mock
ones; in particular, the 100 ug/ml condition induced a significantly higher stimulation

compared to the control (Fig. 13A).
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FIGURE 13. (A) Transwell migration assay showed that RD-CAV1-derived total proteins
increased HUVEC migration, particularly at 100 pg/ml. (B) Transwell migration assay
performed with purified sEV subpopulation demonstrated that RD-CAV1™-derived sEVs
increased HUVEC migration more than RD-Mock for all the tested concentrations. (C) RD-Mock
and RD-CAV1™-derived sEVs were also employed in the wound healing assay showing that the
percentage of wound closure is higher for HUVECs treated with RD-CAV1-derived sEVs for all
the tested concentrations.

The same treatment has been subsequently performed with the subpopulation of
purified sEV: RD-CAV 12 -derived sEV demonstrated to be more effective in stimulating
HUVEC migration after 24 h of co-incubation in all the tested concentrations (Fig. 13B).

RD-derived sEV have been also employed for the wound healing assay, in which the
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percentage of wound closure is always higher in HUVECs treated with RD-CAV1™2
derived sV compared to the control (Fig. 13C).

Taken together these data demonstrate that sEVs have a role in determining the
metastatic behaviour of RD-cells overexpressing Cav-1, giving their contribution by

increasing endothelial cell migration and proliferation.

4.6.2. RD-CAV1 sEVs alter cytokine expression in THP-1 cells

THP-1, a cellular model of human macrophage precursor monocytes, were plated in a
24-well plate (1x10° cells/ml) and treated with RD-Mock- and RD-CAV1™-derived SEVs.
After 6 h and 24 h of co-incubation THP-1 treated cells were collected and subjected to
RNA extraction and real-time q-PCR. In Fig. 14 we reported the THP-1 expression levels
of the typical pro- and anti-inflammatory cytokines IL-1[, IL-6 and IL-10, respectively.
We demonstrated that after 6 h treatment there are no relevant differences between
RD-Mock and RD-CAV12in the effects on the cytokine expression levels, whereas at 24
h RD-CAV1™-derived SEVs increase the expression of the pro-inflammatory cytokines
IL-18 and IL-6 compared to the RD-Mock ones. But the most interesting result regards
the IL-10 expression levels which increase more than twofold at 24 h with RD-CAV1-
derived sEVs. IL-10 is an anti-inflammatory cytokine whose levels are found to be high
in  macrophages with M2-phenotype known as TAMs (tumour-associated

macrophages) [174].
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FIGURE 14. real time g-PCR demonstrated that treatment with RD-CAV1™-derived sEVs
increased pro-inflammatory cytokine IL-13 and IL-6 expression in THP-1 at 6 h, and particularly
at 24 h. Also anti-inflammatory cytokine IL-10 expression levels start to increase at 24 h with
RD-CAV1™-derived sEVs, suggesting their potential ability to promote the development of a
TAMs-like phenotype.

Physiologically, macrophages shift from a pro-inflammatory (M1) to an anti-
inflammatory (M2) state to balance inflammation and regeneration. However, in the
tumour niche there’s a high M2/M1 ratio in TAMs, which avoids the recruitment of the
other immune cells promoting a poor prognosis in most solid tumours [175]. We
demonstrated that in our model, Cav-1 overexpression enhances the delivery of
vesicles that after 24 h of treatment start to promote the expression of the anti-
inflammatory cytokine IL-10 in THP-1 cells, paving the way for the possibility of

considering these vesicles able to affect and elude the immune system.
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5. DISCUSSION

The present study is built on the established role of Cav-1 overexpression as a tumour
enhancer in the in vitro rhabdomyosarcoma model (RD), in which Codenotti et al
demonstrated its contribution to tumour growth and metastatic potential [72]. Despite
its controversial role in tumour progression [23], many studies showed that Cav-1 acts
as an oncoprotein in a variety of cancers [39], including rhabdomyosarcoma in which
Cav-1is found to be a marker of poor differentiation [44]. Furthermore, Cav-1 is located
in strategic areas of the phospholipid bilayer, such as caveolae and lipid rafts, which
are involved in the intracellular and extracellular vesicular trafficking [17]. Extracellular
vesicles (EV) are lipid-bound vesicles released by all types of cells for cell-to-cell
communication [176]; cancer cells release EVs as a “tool” for spreading malignancy
since their composition reflects the one of their cells of origin [177,178].

Since RD-cells overexpressing Cav-1 show typical malignant features such as
chemoresistance [70], increased invasiveness [72] and radioresistance [74], and since
Cav-1 was found to be directly involved in the regulation of EV biogenesis and cargo
sorting [22], we aimed to assess if Cav-1 overexpression has an impact on the EV
machinery in RD cell model. By SEM, TEM (Fig. 6) and NTA (Fig. 7A-B) analyses we
demonstrated that Cav-1 overexpressing cells release a higher amount of small-EVs
(seV), with a completely different protein composition compared to the control (RD-
Mock). The proteomic analysis found that Cav-1 induces an alteration in sEV protein
cargo, leading to the release of more but emptier vesicles (Fig 10A-B). All the EV
characterization methods employed in this study including western blot (Fig. 8A, 8C),
flow cytometry (Fig. 9C) and proteomic analyses (Fig. 10C), showed that the RD-CAV1-
derived sEVs are characterized by the downregulation of the typical sEV tetraspanin
CD63, CD9 and CD81. Given the importance of these tetraspanins, in particular of
CD63, in sEV biogenesis and cargo sorting [153] and given their low expression levels
also in the RD cell bodies (Fig. 9A-B), we evaluated their mRNA levels, revealing no
significative differences compared to the control (Fig.9D). These findings indicate that

otherfactors, such as miRNA, might be involved in this mechanism instead of gene loss,
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which are already planned to be further explored. It is important to emphasise that RD-
CAV1-derived sEVs still express other sEV makers like ALIX and TSG-101 (Fig. 8A, 8C)
that are well-known players in sEV biogenesis [179], which combined with the TEM
analysis and ExoBrite staining, confirms their nature despite the CD-downregulation.
In order to better understand the increased release of such different vesicles from RD
cells overexpressing CAV-1 we explored the intracellular vesicular trafficking from
which sEVs directly originate. We first found that Rab proteins, which are well-
established regulators of vesicle trafficking [180], are always more expressed in RD-
CAV1 cells compared to the control (Fig. 11A), as well as LBPA (Fig. 11B higher panel)
and Syntenin-1 (Fig. 11B lower panel). This data corroborates with the one obtained
from the endosomal characterization, in which RD-CAV1-derived LEs exhibit higher
levels of Rab7 and lower levels of CD63 and CD81, as expected (Fig. 11C). Moreover,
live-cell imaging revealed that RD cells overexpressing Cav-1 internalize a higher
amount of exogenous dextran in a shorter time through the endosomal pathway [161]
compared to RD-Mock cells (Fig. 11D). Lastly, WB analysis performed on the
endosomal fractions of the three cell lines also revealed that LAMP2A expression levels
are progressively reduced from RD-Mock to RD-CAV1F samples (Fig. 11C). Since
LAMP2A is demonstrated to be responsible for KFERQ-protein loading into ILVs [117],
and since HIST-H3 (a nuclear protein containing KFERQ-motif) was less detected in the
endosomal fraction of CAV1-overexpressing samples, LAMP2A decrease could be one
of the mechanisms involved in the overall decreased protein cargo in this model. Taken
together, all these data demonstrate that behind the increased sEV release in RD-cells
overexpressing Cav-1 there is an increased intracellular vesicular trafficking and that
the altered sEV protein composition reflects the deep alterations of both cellular and
endosomal protein pattern, starting from the downregulation of some key protein
sorting players like CD63 and LAMP2A [117,153].

Recent studies demonstrated that Cav-1 overexpression can inhibit autophagy [181]
and that conversely this mechanism can be enhanced by Cav-1 knockdown [182]. In

our RD model, we found that Cav-1 overexpressioninduces animpairmentin lysosomal
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functions. Both LAMP-1 and LAMP-2 proteins (Fig. 12A-B), as well as ATG gene
expression levels (Fig. 12E), are found to be lower in RD-CAV1™ and RD-CAV1™ cells
compared to the control. Cathepsin-D was detected by WB analysis (Fig. 12A) but Magic
Red measured less protease activity in Cav-1 overexpressing cells (Fig. 12D). The same
outcome has been obtained by Lysotracker staining, detecting low acidity degree in RD-
CAV17 and RD-CAV1™ cells compared to RD-Mock (Fig. 12C). Moreover, monitoring
autophagy flux by inducing cell starvation up to 24 h, we found that LC3-1 / LC3-II
conversion is higher in RD-Mock at each time-point (Fig. 12F). Since LC3-Il levels are
directly correlated with the number of autophagosomes and autophagy-related
structures [183], we can speculate that Cav-1 overexpression induces a decrease in
degradation processes. Emerging evidence proposes that mature MVBs may not only
fuse with the plasma membrane for the release or with lysosomes for degradation, but
also with autophagosomes that can be released outwards as “amphiectosomes” [184].
In the RD-model we can exclude that this mechanism could be relevant in determining
the increased EV release since Cav-1 overexpression critically affects the autophagy
machinery.

Lastly, we demonstrated that the altered vesicular secretome contributes to promoting
the aggressiveness of RD cells overexpressing Cav-1. RD-CAV1-derived sEVs increase
HUVEC proliferation and migration (Fig.13 A-C), suggesting their own metastatic
potential. Moreover, they alter THP-1 cytokine expression by inducing an increase in
pro-inflammatory IL-13 and IL-6 levels, but also an increase in anti-inflammatory IL-10
levels after 24 h of treatment (Fig. 14), suggesting that RD-CAV1-derived sEVs might
be able to induce phenotype transformation [175] thus favouring the immune system

evasion.
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6. CONCLUSIONS AND FUTURE PERSPECTIVES

To conclude, with the present work we demonstrated that Cav-1 overexpression
critically modifies the EV machinery in the in vitro embryonal rhabdomyosarcoma
model employed in this study, by promoting intracellular vesicular trafficking process,
which added to the impairment in autophagic functions, led to an increased vesicle
release. RD-CAV1-derived sEVs exhibit a completely different protein pattern and
actively participate in modulating the tumour microenvironment, suggesting their
contribution to RD-CAV1 cell aggressiveness.

Further studies will be conducted in order to complete RD-EV characterization such as
lipid- and miRNA- profiling and to clarify the specific molecular mechanisms by which
Cav-1canintroduce such deep alterations when overexpressed. Firstunpublished data
obtained from lipidomic analysis (data not showed) highlight that RD-CAV1 cells and -
SEVs exhibit a completely different lipidic profile compared to the RD-Mock ones, thus
extending the ability of Cav-1 overexpression to induce deep alteration not only in the
protein composition but alsoin the lipidic one. MiRNomic analysis will be usefulin order
to evaluate specific miRNA targeting CDs, which will might explain the different

expression of these tetraspanins in RD-derived sEVs.
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