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Abstract: The tumor microenvironment comprises a heterogeneous population of tumorigenic and non-
tumorigenic cells. Cancer stem cells (CSCs) and mesenchymal stem cells (MSCs) are components of this
microenvironment and have been described as key regulators of different aspects of tumor physiology. They
act differently on the tumor: CSCs are described as tumor initiators and are associated with tumor growth,
drug resistance and metastasis; MSCs can integrate the tumor microenvironment after recruitment and
interact with cancer cells to promote tumor modifications. Extracellular vesicles (EVs) have emerged as an
important mechanism of cell communication under the physiological and pathological conditions. In cancer,
secretion of EVs seems to be one of the main mechanisms by which stem cells interact with other tumor and
non-tumor cells. The transfer of bioactive molecules (lipids, proteins and RNAs) compartmentalized into
EVs triggers different responses in the target cells, regulating several processes in the tumor as angiogenesis,
tumor invasiveness and immune escape. This review focuses on the role of CSCs and MSCs in modulating
the tumor microenvironment through secretion of EVs, addressing different aspects of the multidirectional

interactions among stem cells, tumor and tumor-associated cells.
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Introduction populations are mainly mediated by soluble molecules

. . . . such as chemokines, cytokines, proteinases and growth
Tumors comprise several different cell types including Yy P &

tumor cells and surrounding non-tumorigenic cells
such as fibroblasts together with immune, smooth
muscle, and endothelial cells, collectively making up
the so-called tumor microenvironment (1). Stem cell
populations represent an important component of this
microenvironment, regulating tumor growth, recruitment
of immune cells, angiogenesis, invasion and metastasis
(2,3). The interactions among tumor heterogeneous
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factors (4). Recently, it has been suggested that extracellular
vesicles (EVs) also provide a major mechanism of cell-to-
cell communication in the tumor microenvironment (5).
In this review we will focus on two stem cell populations,
cancer stem cells (CSCs) and mesenchymal stem (stromal)
cells (MSCs), which have mainly been studied in regard to
their abilities to modulate the tumor microenvironment
through secreting EVs.
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Figure 1 Mechanisms of EVs release. Microvesicles (MVs; diameter range 100 nm-1 pm) originate from budding of the plasma membrane.
Increase of intracellular Ca’ promotes the inactivation of floppase and translocase, in concomitance with activation of the Ca**-dependent
enzyme scramblase leading to phosphatidylserine (PS) translocation to the outer membrane leaflet and disturbance of cell membrane
asymmetry. Calpain activation results in long actin filaments cleavage and cytoskeleton reorganization promoting membrane budding.
Exosomes (diameter range 40-150 nm) are stored in the cells as intraluminal vesicles (ILVs) within the endosome-derived multivesicular
bodies (MVBs) and are released into the extracellular space after the MVBs fuse with the plasma membrane. MVB biogenesis is associated
with different endosomal sorting complex required for transport (ESCRTS) that are involved in the capture of ubiquitinated membrane
proteins, loading of RNAs and membrane deformation and fission processes. Large oncosomes, are a specific class of EVs (diameter range

1-10 pm) that originate directly from plasma membrane budding and are released by highly metastatic prostate cancer.

EVs biology called membrane particles, are cell surface-derived EVs
typically larger than exosomes and more heterogeneous in
size. They originate from budding of the plasma membrane
after specific stimuli (Figure I). First described as released
from activated blood platelets (7) and erythrocytes (8),
they emerged as factors possibly involved in regulating the

coagulation cascade (9). MV production is usually induced

EVs are a family of small lipid bilayer membrane vesicles
commonly classified into three main groups: microvesicles,
exosomes and apoptotic bodies. They differ in size, biogenesis
and molecular content. They express specific receptors and
lipids on their surfaces and encapsulate selected proteins and

nucleic acids. EVs are released by almost all cell types and by increased levels of intracellular Ca®, which mediates

their content is a genetic representation of the cells from
which they originate (6). Exosomes and microvesicles are
usually released by living cells under physiological conditions.
In contrast, apoptotic bodies, which will not be discussed
in this review, are usually produced by cells undergoing an
activated program of cell death.

Microvesicles (MVs, diameter range 100 nm-1 pm), also
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alterations in the distribution of phospholipids within
the plasma membrane. The classical asymmetric lipid
composition, also called the steady state, is characterized
by the presence of certain phospholipids in the outside
part of the cell membrane while the amino-phospholipids
are concurrently maintained on the inner side (10).
This balance is maintained by the membrane enzymes
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scramblase, flippase, floppase and translocase. Increased
Ca’* levels promote the transfer of phosphatidylserine from
the inner part of the membrane and its exposure on the
outer cell surface (11), this activity usually being associated
with the recruitment and activation of the Ca’*-dependent
enzyme scramblase (12) and cytoskeleton modification (7)
via ATP-dependent mechanisms (13). In prostate and breast
cancers, the ADP-ribosylation factor 6 (ARF6) involved in
actin cytoskeleton remodeling and tumor cell invasion has
been implicated in the shedding of all EV classes including
MVs (14). For an extensive review regarding EVs, see (15).
It should be noted that the so-called Large Oncosomes
(LOs) are a specific class of EVs. Like MVs, LOs originate
directly from plasma membrane budding (16), but they are
larger, in the range 1-10 pm. It has been shown that LOs
are released by highly metastatic prostate cancer (PCA)
cells, since they are present in the blood of patients with
metastatic disease (16), as revealed using the known PCA
marker caveolin-1 (17).

Exosomes are less variable in size, in the range 40-150 nm.
They are stored as intraluminal vesicles (ILVs) within the
endosome-derived multivesicular bodies (MVBs) and then
released into the extracellular space after the MVBs fusion
with the plasma membrane (18) (Figure I). The mechanism
of exosome packaging, membrane binding and sorting is
complex and not yet completely elucidated. The formation of
ILVs within the MVB involves the production of membrane
curvature, inclusion of a specific cargo, and membrane
separation for the release. The endosomal sorting complex
required for transport (ESCRT) has been implicated in
MVB and ILV biogenesis. ESCRTS consist of four different
complexes (ESCRT-0, -I, -II and -III) associated with
accessory proteins (ALIX, VPS4 and VTA1) and conserved
during evolution (19). Proteins can be loaded in a ubiquitin-
dependent manner into MVBs by the ESCRTs, where
the ESCRT-0 and -I complexes are involved in capturing
ubiquitinated membrane proteins (19) and the ESCRT-II
and -III complexes are involved in membrane deformation
processes and fission of ILVs (19,20). Interestingly, cells
depleted of all four complexes can still produce CD63-
positive EVs, indicating the existence of ILV loading systems
independent of ESCRT (21).

The family of Rab GTPases seems key component in
the coordination of vesicle traffic (22), including exosome
release. Depending on the cell type, Rab11, Rab35 and/
or Rab27 have been described as significant in exosome
biogenesis and secretion (23). Interestingly, exosome
release from mammary carcinoma cells lacking Rab27a
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is lower than from cells containing Rab27a, and tumor
development is poorer, suggesting a pro-tumorigenic role
for the exosomes (24). Janas et 4/. (25) identified different
mechanisms involved in the sorting of RNA molecules
contained in ILVs, mainly associated with a specific lipid
bilayer binding motif and hydrophobic modifications in the
RNA sequence. The concentration of the RNA molecules in
the cytoplasm and the presence of raft-like regions enriched
with specific lipids in the ILV-generating membrane seem
to be crucial for RNA loading into ILVs (25).

EVs can transfer their content by activating specific
signaling pathways in target cells. They can mediate cardinal
biological processes related to tissue homeostasis (26),
including stem cell maintenance and renewal (27), immune
responses (28), and blood coagulation (29) among others.
Otherwise, external stimuli or pathological states can modify
the number and content of EVs (30,31), which nevertheless
always resemble their cell of origin in both physiological
and pathological conditions such as cancer (32).
These characteristics and their isolation from body fluids
such as urine (33), blood (34), cerebrospinal fluid (35),
amniotic fluid and saliva (36) support their use as non-
invasive biomarkers.

CSCs and their vesicles

CSCs, also defined as tumor-initiating cells, have been
widely investigated in recent years. They are a small
subpopulation of cancer cells that, according to CSC theory,
contribute to tumor initiation and progression, metastasis
formation, therapy resistance and cancer relapse (37). They
share certain characteristics of normal stem cells such as a
broad proliferation capacity, activation of common signaling
pathways and expression of classical stem cell markers (38).
However, in contrast to normal adult stem cells, which show
precise differentiation and renewal properties, CSCs show
multi-lineage differentiation capabilities and can generate
different cancer subtypes (38).

CSCs have been isolated from many organs. Pioneering
studies on acute myeloid leukemia (AML) identified a
CSC population that expresses specific stem cell markers
and exhibits stem cell properties (39). Moreover, these
cells can reestablish human AML when transplanted into
immunocompromised mice (39). CSCs were then identified
by selective surface markers in multiple solid tumors such as
those of the breast (40), brain (41), prostate (42), pancreas
(43,44), colon (45,46) and kidney (47).

The origin of CSCs is still under debate. The earliest
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Figure 2 CSC-EVs as mediators of cell communication in the tumor microenvironment. CSCs interact with the surrounding cells in the

niche through secretion of exosomes, microvesicles and oncosomes. CSC-EVs induce: (I) EMT in tumor cells, increasing tumor invasiveness

and metastasis; (II) fibroblasts and MSCs to acquire the CAF phenotype that supports tumor growth; (IIT) endothelial cell proliferation,

neo-vasculogenesis and MSC recruitment to the CSC niche; (IV) monocyte differentiation into macrophages and dendritic cells, releasing

pro-tumorigenic cytokines and also contributing to tumor immune escape. CSCs, cancer stem cells; MVB, multivesicular bodies; EMT,

epithelial-mesenchymal transition; MSCs, mesenchymal stem cells; CAF, cancer associated fibroblasts; DCs, dendritic cells.

evidence, resumed in the so-called “hierarchical model”,
led to the proposal that carcinogenesis is initiated by
normal tissue stem cells that have been transformed by
specific mutations and epigenetic alterations (48). The
concept of cell reprogramming partly altered the notion
of a static CSC population and characterized the CSCs as
in a “continuum state”, in which mutated cancer cells can
transiently switch through differentiated and stem cell-like
phenotypes depending on external stimuli (49). Moreover,
Mani et al. (50) demonstrated that the acquisition of tumor-
initiating properties by mature or progenitor cancer cells
during the de-differentiation process is mainly associated
with the activation of specific pathways related to the
epithelial-mesenchymal transition (EMT).

The tumor microenvironment has also been called the
CSC niche (51) and it has been proposed as an important
determinant for maintaining CSCs (52). Secretion of soluble
factors by tumor-surrounding cells has been described as
contributing to preserving CSCs in different tumors such as
glioma (53), breast cancer (54) and pancreatic cancer (55). A
bidirectional exchange of genetic information between CSCs
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and their niche is necessary to maintain the tumor (56),
and EVs together with soluble factors have recently been
implicated in CSC-niche interactions (Figure 2).

EVs in CSC niche

CSCs have been shown to release EVs that influence the
surrounding niche (57). CSC-EVs can mediate direct
crosstalk with other neoplastic cells or can modify normal
surrounding cells to promote immune tumor escape, tumor
growth and metastasis. Different studies have yielded
evidence that EVs released by tissue-specific CSCs have a
role in tumor progression, as reviewed in (57).

A small population of tumor-initiating cells called glioma
stem cells (GSCs) has been reported to contribute to cancer
initiation and propagation in glioblastomas (GBM) (58,59).
Exosomes released from GSCs have been described as
containing functionally active Cl™ intracellular channel
1 protein (CLIC1), which appears to be directly involved
in GBM proliferation both in vitro and in vive (60). In
addition, GSC-derived exosomes are efficiently internalized
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by CD14" monocytes, which acquire a tumor-supportive
phenotype by releasing pro-tumorigenic cytokines and could
also contribute to T cell immunosuppression by stimulating
tumor immune escape (61). In renal tumors, a CSC
population expressing the CD105 marker release EVs able
to activate angiogenesis and enhance lung metastasis, and
characterization of their genetic content revealed groups
of miRNAs and RNAs involved in these processes (62).
Recently, it was observed that HLA-G expression in renal
CSC-derived EVs is directly involved in the inhibition of
monocyte differentiation into dendritic cells and therefore
in tumor immune escape mechanisms (63).

Li et al. (64) demonstrated the ability of ductal carcinoma
in situ (DCIS) stem-like cells to release exosomes containing
lower levels of miR-140 and higher levels of miR-21 and
miR-34 than exosomes derived from a whole DCIS cell
population or normal stem cells. Interestingly, treatment
with sulforaphane, an inhibitor of CSC proliferation (65),
drastically modified the expression of these miRNAs in the
DCIS stem-like cell exosomes, implying that the genetic
content shuttled by EVs has a role in CSC signaling (66).
In the same study, Kumar et 4/. (66) also demonstrated the
ability of breast and prostate CSCs to release exosomes
expressing the classical vesicle markers CD63, CD9,
CD81, TSG101 and Alix without identifying selective
surface molecules for those exosomes; however, anti-
neoplastic treatments can modulate the levels of those
markers, enhancing the release of exosomes from CSCs.
Interestingly, when the miRNAs from exosomes released
from prostate CSCs were compared with those contained
in the EVs secreted by the cancer cells, the first population
presented groups of differentially-expressed miRNAs
associated with tumor progression and pre-metastatic niche
formation, thus demonstrating how strongly the initiation
of metastasis relies on the release of EVs from CSCs (67).
In addition, exosomes released by PCA-initiating cells
overexpressing CD44v6 (68) contribute to tumor
progression by stimulating non-cancer initiating cells to
acquire the CSC phenotype, complemented by the capacity
of these exosomes to stimulate iz vivo angiogenesis, invasion
and host response (69).

The wide range of EV actions favoring tumor
progression is also evidenced by other observations
regarding their influence not only on tumor cells but
also on different surrounding cells. Analyses of miRNA
profiles in exosomes released by prostate CSCs versus
non-CSC cells demonstrated enhanced EMT together
with enrichment of metastasis-related miRNAs only in
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CSCs (70). Also interestingly, hypoxic prostate tumor
cells can secrete exosomes, which are responsible for
the enhanced stemness—increasing their ability to form
spheroids—and invasiveness of “naive” PCA cells by
targeting adherent junction molecules (71). Moreover,
they promote the acquisition of a cancer-associated
fibroblast (CAF) phenotype by prostate fibroblasts (71),
thus favoring angiogenesis, tumor growth due to increased
nutrient acquisition, and metastasis. In the same way but
in a different tissue, exosomes released by breast cancer
cells overexpressing the CXCR4 stemness/metastatic
molecule (72) increased primary tumor growth and
metastatic potential in immunocompromised mice (73).
These data further confirmed the ability of EVs released by
cancer stem or stem-like cells to transfer their oncogenic
features to recipient cells to promote cancer progression.
The CSCs can also be modified during interactions
with surrounding cells. The CSC niche composed of
non-tumorigenic cells can promote tumor survival by
regulating CSC maintenance through EVs. Recently,
Bourkoula et /. (74) demonstrated the potential of
exosomes released by glioma-associated non-tumorigenic
stem cells (GASC) to enhance the migration capacity and
anchorage-independent growth of glioma CSCs. Moreover,
Gernapudi et al. (75) showed that breast pre-adipocytes
can enhance mammosphere formation by DCIS stem-
like cells in vitro and tumor growth in vive. Interestingly,
mouse preadipocytes treated with shikonin, a natural anti-
tumorigenic compound, generated exosomes unable to

support CSC growth.

MSC vesicles and their key regulatory molecules

MSC:s are present in specific niches of tissues such as bone
marrow, adipose tissue, umbilical cord, and dental pulp
from which they can easily be isolated and expanded in
in vitro cultures (76). MSCs present self-renewal ability and
multilineage differentiation into chondrocytes, osteocytes
and adipocytes (mesoderm) and also into cells of ectodermic
or endodermic origin (76). They have been widely
investigated owing to their therapeutic potential in tissue
injury or degenerative diseases, which is achieved through
immunomodulatory regulation, angiogenesis, cell death
inhibition, stimulation of proliferation and tropism from
their niches (77-79). An important characteristic of these
cells in supporting tissue recovery and regeneration is their
chemotactic property, which accounts for their recruitment
in response to injury and inflammation, with a tropism
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directed to injured sites. After engraftment into an injured
site, MSCs interact with the surrounding cells not only by
direct contact but also by paracrine actions (80).

The tumor microenvironment has some aspects similar to
those observed in the inflammatory responses of an injured
tissue owing to the secretion of molecules that promote
MSC recruitment (81). Tumors release several chemokines
and cytokines that have been shown to interact with MSC
receptors. These include stromal cell-derived factor 1
(SDF-1), epidermal growth factor (EGF), platelet derived
growth factor (PDGF), monocyte chemoattractant protein-1
(MCP-1), interleukin-8 (IL-8), IL-1p and tumor necrosis
factor alpha (TNF-a), and have been shown to stimulate
MSC tropism toward tumor niches (82). Although MSC
mobilization to tumor niches has been well described (83),
investigations into the role of these cells after engraftment
have produced conflicting results. Several studies have
reported a pro-tumorigenic role of MSCs by (I) inducing
angiogenesis (84), drug resistance (85) and immune response
escape (86), (II) stimulating EM'T (87), and (III) promoting
metastasis (88). On the other hand, an anti-tumorigenic
effect of MSCs has been described: inhibition of tumor
growth and inducing apoptosis (89,90). Such discrepancies
could be attributable to the different protocols used, the
origin of the MSCs and the tumor types, but the exact
mechanisms involved are not well explained. However, the
interaction between MSCs and tumor cells triggers specific
responses in both cell types, mediated by direct and indirect
interactions. Direct interactions result in the formation of
shared nanotubes and gap junctions and also affect Notch
signaling pathway, all associated with tumor invasion,
therapy resistance, metastasis or tumor dormancy (83).
The indirect interaction is characterized by secretion of
groups of molecules such as TNF-o, IFN-y and PGE2,
which are related to the suppression of immune responses;
and IL-6, IL-8, VEGF, PDGF and T'GF-B associated with
angiogenesis (83).

Another indirect but important mechanism in the
interactions between MSCs and tumor cells is mediated
by EVs. MSC-EVs constitute a heterogeneous population
of exosomes, microvesicles and apoptotic bodies. MSCs
secrete these vesicles constitutively, but alteration in the
surrounding conditions such as hypoxia and chemical or
physical stimuli can alter the amount of EVs secreted (91).
As mentioned earlier, EVs contain proteins, lipids and
genetic materials (mMRNA and miRNAs) that have been
thoroughly studied in large-scale analyses. The lipid moiety
of MSC-EVs is enriched with diacylglycerol (DAG),
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sphingomyelin (SM) and ceramides, which are involved in
signaling pathways and energy homeostasis (92). Ceramide
is a known tumor suppressor that blocks the cell cycle and
induces apoptosis. In addition, cancer cells can upregulate
enzymes that redirect ceramide metabolism toward the
promotion of mitogenicity, revealing a complex role of
ceramide transfer by MSC-EVs in tumor fate (93). SM
is a key component of lipid rafts, which are important
signaling platforms (94), and changes of SM levels in the
cell membrane can modify signaling pathways mediated
by these microdomains. Reduction in SM levels has been
associated with aggressive transformation of cancer cells,
mediated by activation of oncoproteins and modifications of
membrane composition (95). It should be emphasized that
DAG mediates key signaling pathways by triggering several
classes of proteins such as protein kinase C (PKC), which
regulate different processes associated with proliferation,
apoptosis, migration and tumorigenesis (96). Taken
together, these data clearly demonstrate that bioactive
lipids transferred by MSC-EVs from their membranes to
the target cells can modulate different cellular processes
involved in tumor physiology.

Besides lipids, MSC-EVs carry membrane proteins
including surface markers that are used to characterize
MSCs, such as CD13, CD29, CD44, CD73, CD90
and CD105. More importantly in the context of this
review, MSC-EVs contain and transfer other proteins,
the functions of which can be associated—among other
options—with tumor physiology: TIMP-1, TIMP-
2, MMP-9, MMP-2 (related to tumor growth and
matrix remodeling) and VEGF and PDGF (related to
angiogenesis) (92). Proteomic analysis of MSCs-derived
EVs revealed a wide spectrum of proteins with biological
functions associated with regulation of the cell cycle,
proliferation, cell migration and angiogenesis (97,98).
Collino et al. (99) analyzed the composition of MSC-
EVs, showing differential protein enrichment among
the subpopulations of EVs related to inflammation,
interleukin, FGF and TGF-p pathways, which have
implications for tumor evolution (100).

The other groups of molecules carried by MSC-EVs
are the RNAs and miRNAs. Bone marrow-derived MSCs
overexpress miR-23b, which induces a dormant state
in a metastatic human breast cancer cell line through
suppression of the target gene MARCKS, which encodes
a protein involved in cell cycling and motility (101).
Furthermore, miR-16 regulates VEGF expression and is
also enriched in MSC-EVs. In vitro and in vivo experiments
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have shown that MSC-EVs promote the downregulation
of VEGF mediated by transfer of miR-16, indicating that
the EVs could have tumor suppressor activity (102). On
the other hand, vesicular miR-21 was shown to stimulate
renal cell carcinoma and breast carcinoma proliferation (92),
revealing a pro-tumorigenic characteristic of MSC-EVs.
These conflicting observations demonstrate that MSC-EVs
have a dual role in tumor physiology. Different sources of
MSCs and distinct tumor model studies are aspects well
discussed by Klopp ez 4/. (103) and could be responsible for
this ambivalence.

Pro-tumorigenic role of MSC vesicles

Evidence of pro-tumorigenic activity by MSC-EVs has been
reported in gastric and colon cancer cell line models that
were injected into nude mice in the presence of EVs derived
from MSCs, increasing tumor incidence and growth (104).
The above-mentioned study by Vallabhaneni ez a/. (92)
identified groups of lipids, proteins and RNNAs with tumor
supporting functions. In consequence, co-injection of
MCEF-7 breast cancer cells and MSC-EVs resulted in
induction of tumor growth and angiogenesis. EVs secreted
by MSCs originating from a different source, Wharton’s
jelly, promoted renal carcinoma cell invasiveness and
growth. The proposed molecular mechanism was MSC-
EV-mediated transfer of HGF mRNA into the tumor cells,
activating AKT and ERK1/2 signaling; these pathways are
associated with tumor cell survival, growth and invasion, as
demonstrated in (105).

Anti-tumorigenic role of MSC-derived vesicles

The anti-tumorigenic properties of MSCs also extend
to their EVs, thus opening the possibility of using these
vesicles in cancer treatment. Wharton’s jelly MSC-EVs
can attenuate the growth of T24 bladder tumor cells in
vitro and in vivo by arresting the cell cycle in G/G, phase
and inducing cell death by apoptosis. Analysis of Akt/
p-Akt by Western blotting revealed that the mechanism
involved in the suppression of T24 proliferation is
mediated by a reduction in phosphorylation but not in
the total expression level of Akt (106). EVs derived from
adipose MSCs also had tumor inhibiting effects. In vitro
experiments showed that adipose MSC-EVs (I) reduce cell
viability and wound-repair capacity and (II) inhibit the
proliferation and colony-forming ability of A2780 ovarian
cancer cells. Next-generation sequencing revealed several
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miRNAs including the miR-320, miR-127, miR-486, miR-
423, miR-181, miR-423, miR-1246, miR-26, and miR-378
families, which have been linked to oncogene signaling
pathways, and analyses of possible targets revealed that
pro-apoptotic signaling molecules such as phosphorylated
p53, BAX, activated CASP9, and activated CASP3 were
upregulated (107).

EVs derived from bone marrow MSCs also show anti-
tumorigenic properties in different tumor cell lines. Bruno
et al. (108) examined the effects of human bone marrow
MSC-EVs on three different tumor cell lines: HepG2
hepatoma, Kaposi’s sarcoma, and Skov-3 ovarian tumor cells.
Tumor growth was inhibited in all cell lines co-injected with
MSC-EVs in severe combined immunodeficiency mice,
though the responses triggered in each cell were different.
MSC-EVs induced cell death by apoptosis in HepG2 and
Kaposi cells while Skov-3 cells underwent necrosis as the
main cell death process. Gene array profiles also showed
that different groups of genes related to cell cycle arrest
were upregulated in each cell line after incubation with
MSC-EVs. HepG2 hepatoma showed augmented expression
of GTP-binding RAS-like 3 (DIRAS3), retinoblastoma-
like 1 (RbI-1), cyclin-dependent kinase inhibitor 2B
transcript (CDKN2B), and cell cycle-negative regulator
RbI-2. In Kaposi cells, cyclin-dependent kinase inhibitor
1A transcript (CDKNI1A), baculovirus IAP repeated-
containing protein 5 (BIRCY), cyclin D1 (CCNDI), and
cell division cycle 20 homolog (CDC20) were upregulated,
while the cyclin genes CCNEI and CCND?2 associated
with the cell cycle G,/S transition were downregulated
after EV incorporation. In contrast to HepG2 and Kaposi
cells, Skov-3 cells presented no upregulated genes but only
downregulated ones such as CCND?2 (a regulatory subunit
of CDK kinases) and CUL3 (a component of ubiquitin
E3 ligase), which is correlated with mitotic division (108).
Using the 4T1 breast cancer cell line, MSC-EVs were
shown to inhibit angiogenesis iz vivo and in vitro by
inducing the downregulation of VEGF (102). In the latter
study, the transfer of miR-16—carried by MSC-EVs—
into tumor cells resulted in direct regulation of VEGF
expression. Although the panel of anti-tumorigenic effects
of EVs described in this review is far from complete, we
can finally mention that those derived from a population
of human liver stem cells—which express MSC markers—
also shuttle groups of miRNAs such as miR-451, miR-
223, miR-24, miR-125b, miR-31, and miR-122, which are
associated with diminished drug resistance, cell cycle arrest
and induction of apoptosis (109).
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Figure 3 Bidirectional interaction between MSCs and tumor cells
mediated by EV secretion. MSC-GFP (green) released fluorescing
EVs that were incorporated by cancer cells. The MDA-MB-
231 (red) breast cancer cells also secreted fluorescing EVs that
were delivered into the MSC cytoplasm. The cells were maintained
in co-culture for seven days. The white arrows show the EVs of
each cell type inside the target cell. Scale bar 75 pm. Reproduced

from (115) with permission.

Factors associated with the dual role of MSC-
EVs in tumors

Various studies cited in this review have presented copious
evidence for the opposite actions of MSCs and MSC-EVs in
tumors. This divergence could in part be attributed to different
experimental models: iz vitro/in vivo models, MSC origins,
protocols for EVs isolation, and the amount and period of
EV administration. In an attempt to understand the possible
influence of MSC sources, Del Fattore et 4/. (110) studied the
effects of EVs derived from bone marrow, umbilical cord
and adipose tissue MSCs on glioblastoma cells. They found
that EVs derived from bone marrow and umbilical cord
inhibited tumor cell proliferation and induced apoptosis,
while those derived from adipose tissue stimulated tumor
proliferation, confirming the relevance of the cell source.
The differences in mRNA and miRNA contents in the
EVs derived from diverse MSCs (111) could underpin the
different—and even opposite—regulatory responses by the
recipient tumor cells.

Protocols of isolation can also determine the contradictory
effects of EVs on tumors. Different procedures such as
differential centrifugation, sucrose gradients, microfiltration,

© Stem Cell Investigation. All rights reserved.

sci.amegroups.com

Stem Cell Investigation, 2017

antibody-coated magnetic beads and microfluidic devices can
isolate EV subpopulations (112) differently enriched with
specific groups of proteins, mRNAs and miRNAs (99) that
can trigger different responses in the tumor.

The actions of MSC-EVs on tumors can also depend
of the recipient cell. Different tumor types and the time
when EVs are administered can elicit different responses,
even if the molecular information inside the vesicles is the
same. This was observed in two separate studies by the
same group examining the role of EVs from Wharton™s
jelly MSCs, resulting in the arrest of bladder cancer cell
proliferation on the one hand (106) and the stimulation
of growth and aggressiveness in renal cancer cells on the
other (105). The tumor stage also seems to be an important
aspect to consider in the effects of MSC-EVs: introducing
MSCs into an established tumor inhibited tumor
growth (113), whereas their administration during early
tumor growth seemed to support tumor initiation (114).
Since EVs are mediators of MSC action, the administration
of MSC-EVs at different tumor stages can also trigger
different responses.

Interactions between MSCs and tumor cells are
not unidirectional. As previously discussed, tumor
cells can modify the surrounding cells, inducing pro-
tumorigenic phenotypes. This bidirectional crosstalk is
partly mediated by EVs originating from both the MSCs
and tumor cells, as shown by Yang er al. (115) (Figure 3).
Peinado et a/. (116) showed that tumor cells can
modify bone marrow cells, promoting recruitment and
“educating” them toward a pro-vasculogenic and pro-
metastatic phenotype. These modifications in MSCs
mediated by interaction with the tumor are associated
with CAF formation and lead to recruitment of immune/
inflammatory cells, enhancement of tumor malignancy,
and metastasis (117). In a recent study, we showed that
EVs secreted by renal CSCs induce a pro-tumorigenic
phenotype in MSCs because of changes in their secretory
profile. The EVs augmented the release of IL-8, which
stimulated angiogenesis and tumor growth (118). Another
aspect of this mutual interaction was observed in a mouse
B16-F0 melanoma model, where tumor EVs confer on
MSCs the capacity to promote macrophage infiltration
into the tumor microenvironment through production of
the CCR2 ligands, CCL2 and CCL7 (119). Although no
studies have reported modifications in the vesicles secreted
by MSCs after interactions with tumors, it is plausible
that MSC-EVs can also be modified, changing from anti-
tumorigenic to pro-tumorigenic characteristics.
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Future perspectives

Discoveries regarding stem cell EVs in tumor communication
within the niche have led to a new understanding of tumor
physiology and opened a wide spectrum of possibilities
in anti-tumorigenic therapies and clinical applications.
The most tempting aspect of EVs is their capacity to
encapsulate molecules such as proteins and nucleic acids,
making them potential vehicles for delivery of anti-
tumorigenic molecules. TNF-related apoptosis-inducing
ligand (TRAIL) reportedly induces apoptosis preferentially
in tumor cells, but administration of recombinant soluble
TRAIL had limited efficacy (120). Yuan e a/. (121) faced
this challenge by infecting MSCs with a lentiviral vector
encoding TRAIL: the cells started to produce EVs with
high expression of TRAIL and administration of these EVs
resulted in extensive death of different cancer cells. Using a
different approach, Bronisz er a/. (122) showed that miR-1
loading and delivery through EVs reduces tumorigenicity
in stem-like glioblastoma cells and impairs EV-based
microenvironmental communication; they proposed the use
of EVs as therapeutic molecules for protein and miRNA
delivery.

The use of EVs as suitable biomarkers for cancer
diagnosis and prognosis without invasive processes has
now emerged as a strong possibility. In fact, EVs represent
a potential source of biomarkers for early detection and
monitoring of tumor responses to treatment owing to their
presence in almost all body fluids (123,124). Recently,
Madhankumar er a/. (125) targeted the interleukin
13 receptor 02 (IL13Ro2) on the surface of EVs derived
from GSCs using ligand-conjugated quantum dots.
Targeting specific markers makes possible the detection
of tumor stem cells and exosomes in the serum or
cerebrospinal fluid (CSF) of brain tumor patients by a non-
invasive and simple diagnostic test (125). Clinical trials with
EVs have already been approved and have shown good
human tolerance to administration of the vesicles (126).
At the same time, advances in gene therapy techniques
such as suicide genes, silencing genes and miRNA-target
genes to treat diverse genetic diseases (127) have created
the possibility of combining the two strategies, resulting in
encouraging prospects for cancer treatment.
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