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around cancer cells.

Introduction

A seminal study by Valadi et al. in 2007 (1) showed that variable
RNAs, microRNAs (miRNAs), long noncoding RNAs (IncRNAs),
and mRNAs can be transported between cells in extracellu-
lar vesicles (EVs). EVs are small membranous vesicles that are
secreted from numerous cell types. They facilitate intercellular
communication by transporting intracellular components such
as protein and RNA (2). EVs, including exosomes, microvesicles,
and other types of membrane vesicles, are found in various body
fluids, such as blood, urine, and saliva, and can be recognized by
their unique mechanisms of biogenesis and secretion (2, 3). Until
the study by Valadi and colleagues was published, the consen-
sus was that miRNAs only functioned intracellularly in their cells
of origin; however, Valadi et al. showed that miRNAs may also
function as humoral factors involved in intercellular communi-
cation. In 2010, three articles showed that these miRNAs can be
transferred to immune cells (4), cancer cells (5), or endothelial
cells (6) and are able to function within them. All of these articles
suggest that RNAs, including miRNAs, serve as novel humoral
factors in cell-cell communication. Current studies are focused
on the role of miRNAs in EVs during cancer development.

In this review, we summarize the current knowledge regard-
ing the contribution of EV-associated miRNAs to cancer develop-
ment, including initiation, invasion, metastasis, and recurrence
(Figures 1 and 2, and Table 1). Furthermore, we discuss the ther-
apeutic approaches involving EVs and miRNAs, which originate
from cancer cells and microenvironmental cells, for the diagnosis
and treatment of cancer (Figure 3).

EV-associated miRNAs both promote

and suppress cancer initiation

A number of factors can contribute to tumor formation, including
gene amplification, deletion, and mutation; cellular stress; meta-
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bolic alterations; and epigenetic changes (7). In addition to these
cell-autonomous mechanisms, non-cell-autonomous mecha-
nisms also contribute to cancer initiation (8), including factors that
regulate cancer cells or microenvironmental cells such as TGF-B,
sonic hedgehog (SHH), Wnt, and EVs.

Recently it has been shown that the EVs from noncancer-
ous neighboring epithelial cells have the capacity to suppress
cancer initiation (9). During cancer initiation, there is a con-
flict between newly transformed cells and surrounding epithe-
lial cells. It is hypothesized that growth-inhibitory miRNAs are
actively released from noncancerous cells to kill transformed
cells, thereby restoring the tissue to a healthy state. Because
abundant healthy cells continuously provide nascent proliferat-
ing cells with tumor-suppressive miRNAs for an extended time
period, a local concentration of secretory miRNAs can become
high enough to restrain tumor initiation. In cancer cells, the
expression of tumor-suppressive miRNAs is downregulated
(10); consequently, the continuous provision of tumor-suppres-
sive miRNAs via EVs is a homeostatic mechanism that tumor
cells must overcome. Once this balance is compromised, the
microenvironment will be susceptible to tumor initiation. For
example, miR-143 has a higher expression level in normal pros-
tate cell lines compared with cancerous prostate cell lines (11).
EVs containing miR-143 in the normal prostate cell line transfer
growth-inhibitory signals to cancerous cells both in vitro and in
vivo. This competitive biological process has been observed in
other disease states, such as between multiple myeloma (MM)
and bone marrow mesenchymal stromal cells (BM-MSCs) (12).
In this case, EVs isolated from BM-MSCs of patients with MM
induced tumor growth in vivo and promoted the dissemination
of tumor cells to the BM in an in vivo translational model of MM.
The levels of miR-15a, which is downregulated in leukemia (13)
and suppresses MM growth (14, 15), were significantly higher in
normal BM-MSC-derived EVs compared with MM BM-MSC-
derived EVs, suggesting that MSC-derived miR-15a plays a
tumor-suppressive role. Conversely, the expression of miR-15a is
downregulated in EVs from BM-MSCs that cannot suppress MM
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expansion. As discussed above, the secretion of miRNAs from
noncancerous cells is an effective policing strategy, preventing
cells within a given niche from becoming cancerous (Figure 1).
Losing the ability to suppress cancer initiation is not the only
reason for oncogenesis. Comorbidity is a major issue affecting the
long-term survival of older cancer patients, but the underlying
mechanisms are not well understood (16). A pathogenic mecha-
nism that contributes to chronic obstructive pulmonary disease
(COPD) is mediated through the regulation of autophagy by
EV-associated miR-210 (17). Cigarette smoking alters EV miRNA
profiles, potentially controlling airway remodeling in COPD.
miR-210 controls the hypoxic response of cancer cells, enabling
their survival in hypoxic conditions. The expression of miR-210
increases after exposure to cigarette smoke, promoting adapta-
tion to hypoxia (18). Adaptation to hypoxia is essential for cancer
survival, as new cancer cells do not have sufficient access to oxy-
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Figure 1. EVs from cancer cells manipulate the cells in their microenvi-
ronment. EVs are involved in every step of cancer development. During
cancer initiation (A), normal cells (epithelial cells) attempt to prevent the
outgrowth of precancerous cells (or cancer cells) by secreting antiprolifer-
ative miRNAs through EVs; however, the cancer cells can circumvent this
inhibitory machinery, finally resulting in tumor expansion (B). Cancer cells
utilize EVs to mediate horizontal transfer of genes that promote prolifera-
tion to cancer cells that do not harbor those genes (B). Cancer cell-derived
EVs promote cancer malignancy (i.e., the induction of inflammation by
infiltrating neutrophils) (C and D). Additionally, cancer cell-derived EVs
activate fibroblasts, leading to extracellular matrix degradation and the
induction of cancer-promoting cytokines (C and D). When the tumor
microenvironment is hypoxic, cancer cells secrete angiogenesis-inducing
EVs that help to overcome oxygen and nutrition deficiency by activating
endothelial cells to stimulate vascularization (C and D), contributing to
further cancer development, such as metastasis (D).

gen and nutrients owing to increased diffusion distances from the
existing vascular supply (19). Cigarette smoking also decreases EV
packaging of the let-7 miRNA family, suggesting that lung carcino-
genesis may be triggered by EV-associated miRNA communica-
tion (17). The EV-mediated interaction of pathological cells may
underlie the association between lung cancer and COPD. The
secretion of altered EVs from pathological cells throughout the
body is likely to contribute directly to disease, and the analysis of
EVsin each disease may help identify new disease mechanisms.

Regulation of cancer angiogenesis by miRNAs

in EVs

Endothelial cells contribute to vascularization, providing oxygen
and nutrition — a scarce resource in tumors — to cancer cells.
Cytokines such as VEGF and basic FGF (bFGF) are responsible for
the communication between endothelial and cancer cells, and EVs
from cancer cells contain various molecules, including miRNAs,
that promote angiogenesis (20-22). For example, cancer cell-
derived, EV-associated miR-9 reduced suppressor of cytokine
signaling 5 (SOCS5) levels, activating the JAK/STAT pathway to
promote endothelial cell migration and tumor angiogenesis (23).
Additionally, miR-210 is secreted in cancer cell-derived EVs to
regulate neutral sphingomyelinase 2 (nSMase2) (5, 24) to promote
angiogenesis (25). The angiogenic inhibitor ephrin-A3, a miR-210
target gene, is downregulated following EV transfer from cancer
cells. miR-210 regulates angiogenesis in endothelial cells (26) and
iron homeostasis in cancer cells (18) and is upregulated by hypoxic
conditions (18, 26). Furthermore, manipulation of nSMase2
expression alters EV production, which affects metastatic capacity
(25). EVs have been shown to contain multiple angiogenic factors
(20); however, the exact contributions of these factors have not
been elucidated. It will be necessary to clarify the function of each
factor as well as demonstrate the collective effect of these factors
in order to understand the contribution of angiogenic EVs to can-
cer development.

Promotion of cancer cell malignancy by EVs

EVs from cancer cells affect not only microenvironmental cells but
also other cells in the heterogeneous tumor population, resulting
in the transfer of metastatic capability. Most cancer cells release
a variety of EV types, which dictate the behavior of the recipient
cells for the ultimate benefit of the cancer cells (Figure 1). How-
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Figure 2. The roles of cancer cell-derived EVs and their development. EVs derived from cancer cells infiltrate BM cells (i), leading to the formation of a
premetastatic niche (ii). Additionally, cancer cell-derived EVs directly alter the metastatic site to induce angiogenesis. Transfer of EV-associated miRNAs

from BM mesenchymal stem cells regulates breast cancer cell dormancy in a metastatic niche (iii). Furthermore, brain metastasis is mediated by EVs

triggers the destruction of the BBB (iv).

ever, much of the research documenting such effects was done in
vitro, and the behavior of EVs in vivo remains to be addressed. The
exchange of EVs between tumor cells was recently documented in
vivo in a study combining high-resolution intravital imaging with
a Cre-LoxP system (27). EVs released by malignant breast cancer
cells are taken up by less malignant tumor cells located within the
same tumor or within distant tumors. These EVs carry mRNAs
involved in migration and metastasis, thereby promoting migratory
behavior and metastatic capacity. For example, the miR-200 fam-
ily, which regulates mesenchymal-epithelial transition (MET) (28),
was secreted in EVs from metastatic breast cancer lines to nonmet-
astatic cancer cells, altering the gene expression of recipient cells
and promoting MET (29). miRNA-containing EVs released in the
tumor microenvironment can also contribute to the development
of drug resistance, as in the case of neuroblastoma (NBL) (30). The
expression of EV-associated miRNAs from NBL cell lines identi-
fied three highly enriched miRNAs: miR-21 and miR-29a, which
can trigger an NF-kB-mediated proinflammatory response in lung

cancer (31), and miR-155, which is induced during the macrophage
inflammatory response (32). Coculture experiments demonstrated
that miR-21 could be transferred from NBL cells to human mono-
cytes and that miR-155 is transferred from human monocytes to
NBL cells by EVs. These data demonstrate a unique role for miR-
21 and miR-155 in the crosstalk between NBL cells and human
monocytes that promotes chemotherapy resistance. EV-mediated
transfer of miRNAs is also an important mechanism of intercellular
communication in hepatocellular carcinoma (HCC) cells. EV-asso-
ciated miRNAs in HCC, including miR-584, miR-517¢, miR-378,
miR-520f, miR-142-5p, miR-451, miR-518d, miR-215, miR-376a*,
miR-133b, and miR-367, modulate the expression of TGF-B-acti-
vated kinase 1 (TAK1) and associated signaling molecules, result-
ing in transformation of recipient cells (33).

Control of recurrence by EV-associated miRNAs
Mortality from breast cancer is decreasing due to successful
early detection and effective systemic adjuvant therapy; how-

Table 1. Function of miRNAs in EVs

Donor cell(s) Recipient cell(s) miRNA(s) Target gene(s) Function(s) Reference
EBV-infected B cells MoDCs EBV-encoded miRNAs oxeen Regulation of immune system 4
C0S-7 cells Prostate cancer cells miR-146a ROCK1 Inhibition of cell growth 5
Human monocyte/macrophage cell line Endothelial cells miR-150 c-myb Enhanced migration capacity 6
Prostate epithelial cells Prostate cancer cells miR-143 KRAS Inhibition of cell growth 9
Metastatic breast cancer cells Endothelial cells miR-210 EFNA3 Enhancement of angiogenesis 25
Metastatic breast cancer cells Nonmetastatic breast cancer cells miR-200 family ZEB2, SEC23A Promote MET 29
Drug-resistant NBLs Monocytes miR-21and miR-155 TERF1 (miR-155) Acquisition of drug resistance capacity 30
BM-MSCs Breast cancer cells miR-23b MARCKS Induction of dormancy 37
Breast cancer cells Fibrablasts miR-122 PKM2, (5 Reprogramming glucose metabolism 39
Metastatic breast cancer cells Endothelial cells miR-181c PDPK1 Destruction of BBB 45
Metastatic breast cancer cells Endothelial cells miR-105 20-1 Destruction of BBB 46
MoDCs, monocyte-derived DCs.
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Figure 3. Therapeutic strategies against cancer-derived EVs. EVs are secreted from cancer cells and delivered to recipient cells, modulating their phe-

notype. For example, EVs from cancer cells are delivered to endothelial cells, which enhances angiogenesis to obtain the oxygen and nutrition required
for continued growth of the cancer. We propose the following therapeutic applications: inhibition of cancer cell EV production, disruption of EV uptake
by recipient cells, and elimination of circulating cancer cell-derived EVs. These therapeutic strategies will prevent the delivery of EVs from cancer cells to
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microenvironmental cells, leading to the development of novel antiangiogenic and anticancer drugs.

ever, breast cancer frequently recurs, typically within 5 years but
even up to 10 to 20 years after surgery (34). Importantly, recur-
rent breast cancer is often more aggressive and untreatable. This
is explained by the fact that breast cancer cells survive for a long
time in a state of dormancy. Dormant cancer cells cease dividing
but survive in a quiescent state while waiting for appropriate envi-
ronmental conditions to begin proliferating again. Indeed, in early
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stages of the disease, breast cancer cells can be detected in BM,
where they form micrometastases. These cancer cells can later
escape dormancy in BM to recirculate and invade other distant
organs, thereby giving rise to overt metastases (35, 36).

Cancer cells are maintained in a state of dormancy through
interactions with microenvironmental cells; however, little is
known about the molecular basis of these interactions. BM mes-
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enchymal stem cells were recently found to play an important role
ininducing breast cancer cell dormancy in BM through the transfer
of EVs containing cell cycle-inhibitory miRNAs (37). Specifically,
miR-23b from BM mesenchymal stem cells promotes dormancy of
breast cancer cells by downregulating myristoylated alanine-rich
C-kinase substrate (MARCKS), which encodes a protein that pro-
motes cell cycle progression and motility. This raises the obvious
question of what miR-23b is doing in EVs under normal physiolog-
ical conditions. Moreover, what are the molecular mechanisms for
escaping dormancy in breast cancer cells? Answering these fun-
damental questions will help in understanding why breast cancer
cells existin BM and will also enable the development of therapeu-
tic strategies to target these cancer cells.

Long-distance regulation of metastasis by
EV-associated miRNAs
Cancer-derived EVs not only affect proximally located cells, but
they can also influence cells in distant tissues and organs (Fig-
ure 2). For example, highly metastatic melanoma-derived EVs
increase the metastasis of primary tumors by educating BM,
creating a premetastatic niche (38). Additionally, EV-associated
miR-122 from cancer cells downregulates the glycolytic enzyme
pyruvate kinase in non-tumor cells located within the premeta-
static niche (39). This downregulation suppresses glucose uptake
by non-tumor cells in the microenvironment, thereby increasing
the nutrient availability for cancer cells in the premetastatic niche.
EVs also appear to be tightly associated with brain metastasis.
Brain metastasis is associated with a particularly poor prognosis for
cancer patients, but the underlying molecular mechanisms have
not been elucidated. One of the key features of brain metastasis is
the destruction of the blood-brain barrier (BBB) (40, 41), resulting
in the subsequent migration of cancer cells through this interface.
Tumor cells recognize and bind to components of the vascular
endothelial membrane, thereby initiating extravasation, invasion
of cancer cells through the BBB, and new growth at secondary
organ sites (42, 43). A number of molecules that putatively promote
or prevent BBB destruction have been reported, including some
transported in EVs (44). For example, EVs containing miR-181c are
transferred from metastatic brain cancer cells to brain endothelial
cells, resulting in the destruction of tight junction proteins of the
BBB that bind to the primary cytoskeletal protein actin, including
claudin-5, occludin, and tight junction protein 1 (ZO-1). miR-181c
promotes the destruction of the BBB through delocalization of actin
fibers via the downregulation of 3-phosphoinositide-dependent
protein kinase-1 (PDPK1), which causes the subsequent degrada-
tion of phosphorylated cofilin and the severing of actin filaments.
Tight junction proteins are also directly targeted by EV-associated
miRNAs. Indeed, miR-105 in breast cancer EVs suppresses ZO-1
expression in endothelial cells, resulting in the loss of cell-cell adhe-
sion, thereby promoting metastasis (45). Circulating miR-181c and
miR-105 can be detected in the serum of patients with metastatic
brain cancer. These findings open up several avenues for both the
diagnosis and treatment of brain metastasis.

The emerging role of EVs in cancer immunology
Immune escape is one of the hallmarks of cancer, and many stud-
ies have investigated the mechanisms by which tumor cells evade
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the host immune system. Tumor cells secrete EVs that stimulate
or suppress cancer immunity (46, 47). Indeed, various tumor anti-
gens, such as melan A, mesothelin, and carcinoembryonic antigen
(CEA), are packaged in tumor-derived EVs (48-50), which can
enhance immune stimulation. There is also increasing evidence
that tumor-derived EVs can be immunosuppressive. Tumor-de-
rived EVs are enriched for a variety of immunoregulatory mole-
cules, such as FasL, TRAIL, and galactin-9, that can promote can-
cerimmune escape (51-53). Taken together, the evidence indicates
that immunologically active tumor-derived EVs are important for
cancer immunological communication in the tumor microenvi-
ronment. Therefore, the tumor-derived EVs and their contents
may constitute crucial targets for cancer immunotherapy.

The development of new therapeutic drugs that disrupt the
immune checkpoint inhibitory pathways of cancer cells have been
regarded as a breakthrough in cancer treatment. For example, pro-
grammed cell death protein-1 (PD-1) and cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4) play crucial roles in T cell co-inhibi-
tion and exhaustion. The PD-1 ligand PD-L1 is upregulated in many
cancers and contributes to poor prognosis by inhibiting cytotoxic T
cell activation. Furthermore, CTLA-4 blockade is a negative regula-
tor of T effector cell activation. Immunological checkpoint blockade
using antibodies targeting the PD-1/PD-L1 or CTLA-4 pathways
have exhibited promising therapeutic effects in a variety of cancers
(54-57). So far, the biological interactions between these immunoreg-
ulatory molecules and tumor-derived EVs are unclear. Nevertheless,
the presence of immunoregulatory molecules on non-immune cell-
derived EVs can suppress T cell activation. Indeed, PD-1is expressed
and transported by DC-derived EVs (58). Furthermore, PD-1is found
on placenta-derived EVs and can inhibit both CD4* and CD8* T cells
(59). Thus, immunoregulatory molecules on tumor-derived EVs
inhibit T cell activation and proliferation (60).

It is becoming increasingly clear that cancer-derived miRNAs
are able to regulate the immune system and can therefore serve
as potential immunotherapeutic targets. Recently, Fujita et al.
showed that miR-197 regulates immune checkpoints in non-small
cell lung cancers (61). Furthermore, miR-200/ZEB1 has been
shown to control the expression of PD-L1 in tumors (62). Remark-
ably, Zhou et al. have reported that miR-203 in pancreatic cancer
EVs regulates the expression of TLR4 in DCs, potentially repress-
ing antitumor immune responses (63). Because these miRNAs are
packaged into EVs released from cancer cells, they may be surro-
gate markers for immunologically active tumor-derived EVs.

Understanding how EV communication enables cancer
immune escape may provide a potential breakthrough in cancer
immunotherapy. EV-targeted therapy could be combined with
immune checkpoint inhibitors in the near future.

EVs as a new diagnostic tool
EVs reflect the physiological state of their cells of origin (64),
and almost all cells secrete EVs containing specific proteins and
miRNAs into their microenvironment and the general circula-
tion (3, 65). Thus, EVs can be found in various body fluids, such
as blood, urine, and saliva (2, 66), providing a rich source of
potential biomarkers.

The first indication that circulating RNA could be used as a
biomarker came with the discovery of mRNA and miRNAs in EVs.
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(1). EV-associated miR-21 enriched in the serum of glioblastoma
patients was expressed at higher levels in the serum of patients
than of normal controls (20). This initial report became the impe-
tus for research into using miRNAs as effective biomarkers of
cancer; subsequently, cancer-specific miRNA profiles have been
published (67). Importantly, miRNAs can be readily detected in
small-volume samples using specific and sensitive quantitative
real-time PCR (qQRT-PCR) (68). Additionally, EV-associated miR-
NAs have been used as diagnostic and prognostic markers (20,
69-79). Microarray analyses of miRNAs in EV-enriched fractions
of serum from 88 patients with primary colorectal cancer (CRC)
and 11 healthy controls revealed that that the levels of 7 miRNAs
were significantly higher in the serum EVs of CRC patients com-
pared with serum EVs from healthy donors (74). This approach
of isolating serum EVs from patients has been used to establish
miRNA profiles of prostate, colorectal, and pancreatic cancer (70,
75, 78). Although some issues remain surrounding the isolation of
miRNA in EVs from serum, such as internal controls and detection
methods, miRNA in EVs from serum and plasma will be a useful
tool for the diagnosis of cancer or monitoring during treatment.

In addition to miRNAs, proteins associated with cancer cell-
derived EVs are also attractive as potential biomarkers. However,
the identification and quantification of EV-associated proteins,
compared with EV miRNAs, in body fluids remain major chal-
lenges because EV proteins are highly heterogeneous and are
difficult to collect and handle (80-82). Additionally, the methods
used for EV isolation in a research setting are unsuitable for clin-
ical practice due to their lack of reliability. Consequently, novel
detection methods are required whereby EVs can be bound to
specific complementary proteins and specific EV surface proteins
can be utilized as cancer biomarkers. One of the first assays for
quantification of EVs used an ELISA-based method for selective
detection of EVs (83). In this study, EVs double positive for CD63
or caveolin-1 and Rab-5b were employed to detect melanoma.
Levels of such EVs were significantly increased in plasma from
melanoma patients compared with that from healthy donors.
Multiplex microfluidic systems provide an alternative method
for EV detection based on uNMR (84). Indeed, this method has
enabled the identification of glioblastoma multiforme (GBM) by
the detection of non-tumor, host cell-derived EVs. Additionally,
a novel, label-free EV detection method (85) revealed that the
levels of epithelial cell adhesion molecule (EpCAM) and CD24 in
EVs derived from ovarian cancer patient ascites were decreased
in patients who responded to treatment, whereas levels of these
markers increased in nonresponding patients. Finally, a highly
sensitive and rapid analytical technique for profiling circulating
EVs directly from patient blood samples has also been established.
This technique uses antibodies to capture two specific antigens
residing on EVs that are detectable by photosensitizer beads (86).
When this system was used, greater numbers of CD147/CD9 dou-
ble-positive EVs were detected in serum from CRC patients com-
pared with serum from healthy donors.

Although more investigations are needed to validate the suit-
ability of these technologies, the detection of EV proteins has
opened up exciting new avenues for the diagnosis of cancer and
the monitoring of treatment responses. It is well established that
early detection and accurate monitoring of disease are necessary
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toimprove the clinical outcomes of cancer patients. In this respect,
the development of novel biomarkers based on EV miRNAs and
proteins could provide many benefits including the improvement
of clinical outcomes.

Targeting EVs as a new cancer treatment

The contribution of EVs and miRNAs to cancer development is
widely documented, and they hold promise for use in new meth-
ods for diagnosing cancer and monitoring tumorigenesis. Thera-
peutic targeting of molecules involved in EV production and secre-
tion from cancer cells may prevent or delay cancer recurrence.
Thus far, only a few articles have addressed the targeting of EVs
for cancer treatment, with molecules related to EV secretion and
production being good candidates for future studies. For example,
the suppression of nSMase2 leads to the inhibition of EV produc-
tion, resulting in the disruption of invasion (87), angiogenesis (25),
chemoresistance (88), and metastasis (29) of cancer cells. Many
other molecules are involved in EV production and cancer pro-
gression, such as RAB27A, RAB27B (38, 89, 90), and RAB22A (91);
however, targeting these genes for cancer treatment would have
adverse effects on normal cell function. Instead, the molecular
basis for the ability of cancer cells to make EVs at a much higher
rate compared with non-cancer cells needs to be elucidated. Con-
sequently, the molecules specific to EV production in cancer cells
can be effectively targeted for cancer therapy.

One novel method of cancer treatment is the capture of cir-
culating EVs from cancer cells. As discussed above, cancer cells
secrete EVs some distance away from the original tumor (38, 39,
44, 45). Complete elimination of circulating EVs could potentially
result in major benefits for patients with cancer. For example, a
neutralization antibody targeting circulating EVs could prevent
metastasis. Indeed, these approaches have already been proposed
(92, 93) and entered early-stage clinical trials. For example, the
therapeutic antibody trastuzumab (Herceptin), which binds HER2
— a protein overexpressed in breast cancer cells — evokes a broad
range of antitumor effects, including direct inhibition of HER2 sig-
naling, induction of antibody-dependent cell cytotoxicity (ADCC)
by NK cells, and internalization of HER proteins. However, HER2
is also expressed on the surface of breast cancer EVs, where it binds
and sequesters Herceptin, allowing continued tumor proliferation.
Thus, methods allowing total elimination of all target EVs from the
circulatory system of patients would be highly beneficial for cancer
treatment (92, 93). Indeed, one such technology allows EV-bind-
ing lectins and antibodies to be immobilized in the outer-capillary
space of plasma filtration membranes that are integrated within
kidney dialysis machines (93). Consequently, target EVs, such as
those expressing HER2, can be effectively filtered from circulating
blood to improve the efficiency of immunotherapy. Another poten-
tial strategy for targeting cancer EVs is to disturb the absorption
of EVs in recipient cells. Based on current reports, there are some
tropisms for receiving EVs. For example, EVs from breast cancer
brain metastases tend to incorporate into endothelial cells but not
into astrocytes or pericytes (44). Elucidating the mechanisms by
which EVs are received may provide another way of disturbing can-
cer progression. Positing alternative ideas for cancer treatment is
an important step in overcoming this debilitating and often incur-
able disease. In addition to standard surgery, radiotherapy, chemo-
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therapy, immune checkpoint blockades, and molecularly targeted
drugs, EVs offer another avenue for treating cancer.

Perspectives and conclusion

As described in the preceding sections, the rapid development of
EV research has helped to reveal novel mechanisms underlying
cancer initiation and progression. Despite this, a number of out-
standing questions remain.

First, studies have shown that miRNAs are unable to strongly
affect the expression of a particular gene or set of genes but are
involved in fine-tuning gene expression (94). Indeed, Chevillet
and colleagues quantified both EV number and miRNA molecules
in human body fluids and cultured media from cell lines, and
found that there was, on average, less than one molecule of a given
miRNA per EV (95). This analysis suggests that most individual
EVs in standard preparations do not carry biologically significant
numbers of miRNAs. Consequently, it is short-sighted to suggest
that the transfer of multiple miRNAs together with other mole-
cules, such as mRNA and proteins, collectively has alarge effect on
cell fate. For example, normal epithelial cells surrounding cancer
cells secrete not only tumor-suppressive miRNAs but also tumor-
suppressive proteins. Phosphatase and tensin homolog (PTEN), a
tumor suppressor commonly lost in human cancer, can be trans-
ferred via EVs to other cells in order to reduce phosphorylation of
Akt and reduce proliferation of recipient cells (96), suggesting that
EVs carrying tumor-suppresive miRNAs and PTEN might contrib-
ute to the suppression of cancer cell expansion. Another example
is the angiogenic activity of EVs from cancer cells. As discussed
above, EVs from cancer cells contain angiogenic miRNAs, such as
miR-210, as well as angiogenic proteins, such as angiogenin, IL-6,
IL-8, tissue inhibitor of metalloproteinases-1 (TIMP-1), VEGF,
and TIMP-2 (22). Furthermore, the quantity of EVs secreted from
cells is also important for the function of EV-associated miRNAs.
Alexander and colleagues showed that there is on average one
copy of miR-146a per EV from primary BM-derived DCs (BMDCs)
and that one BMDC is able to produce approximately 500 EVs
after 24 hours of culture (97). This suggests that a single cell can
release hundreds of copies of miR-146a to be delivered to recip-
ient BMDCs and mediate target knockdown. Thus, a large num-
ber of EVs produced by a given cell allows for the loading of low
numbers of miRNA molecules to achieve functional relevance.
Moreover, the numbers of EV-secreting cells will also affect cell
fate determination. For example, the number of normal epithelial
cells surrounding cancer cells will be higher than the number of
cancer cells in the initiation stage. Therefore, even if the amount
of EVs secreted from a single epithelial cell is too low to suppress
cancer initiation, the high number of surrounding epithelial cells
will be sufficient to disturb the expansion of cancer cells. Taken
together, the evidence suggests that the effect of miRNAs on gene
expression is dose dependent and that one must consider not only
the number of miRNAs within individual EVs but also the number
of EVs and EV-secreting cells.

The second issue for future investigation concerns the mech-
anism by which the mature or precursor miRNAs (pre-miRNAs)
are loaded into EVs and how these miRNAs are subsequently
loaded into the RNA-induced silencing complex (RISC) of recip-
ient cells. Interestingly, it has been suggested that the exact
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mechanism of loading miRNAs into EVs depends on whether
the miRNA is a mature or pre-miRNA. For example, Melo and
colleagues showed that pre-miRNAs in EVs from cancer cells
were associated with the RISC loading complex proteins DICER,
TRBP, and AGO2, which process the pre-miRNAs to generate
mature miRNAs (98). On the other hand, Villarroya-Beltri and
colleagues reported that mature miRNAs are loaded into EVs
by binding to the protein heterogeneous nuclear ribonucleo-
protein A2B1 (hnRNPA2B1) through the recognition of specific
sequence motifs (99). In addition, EV-associated hnRNPA2B1
is sumoylated, and sumoylation controls the binding of hnRN-
PA2B1 to miRNAs. Interestingly, Koppers-Lalic and colleagues
found that 3’ end uridylated miRNA isoforms are overrepre-
sented in EVs (100), and this motif was different from the GGAG
motif in the 3’ half of the miRNA sequence (99) proposed by
Villarroya-Beltri and colleagues. These discrepancies might be
due to the different cells used in each study and the platform
for assessing miRNA expression in EVs. In addition to the miR-
NAs themselves, it was reported that miRNA availability for EV
secretion is controlled, at least in part, by the cellular levels of
their targeted transcripts (101). Although there have been sev-
eral articles describing the mechanisms of miRNA loading into
EVs and incorporation into the RISC complex of recipient cells,
these reports have often been contradictory. For example, Melo
and colleagues reported the presence of AGO2 in EVs (98), but
other groups did not identify AGO2 (102). Moreover, if mature
miRNAs are processed from pre-miRNAs in EVs, the passenger
strand should accumulate; however, this has not yet been shown.
Considering the heterogeneity of EVs, AGO2 may be present in
some specific subtypes of EVs. These discrepancies may also
arise from differences in the methods for isolating EVs and their
component miRNAs. Thus, establishing a universal method to
analyze EV-associated miRNAs is essential to answering these
outstanding questions.

The third issue is the lack of direct evidence concerning the
function of EVs in vivo. As discussed above, the study by Zomer
and colleagues provided solid evidence that EVs from highly met-
astatic cells are able to transfer to less malignant cells, resulting
in the acceleration of tumor progression (27). Although this work
clearly shows that EVs can be exchanged between tumor cells
in vivo, the effect of EVs from cancer cells on other cell types is
still unclear. The Cre-LoxP approach adopted by Zomer and col-
leagues might be helpful in answering these questions. Another
way of elucidating the function of EVs in vivo is to utilize conve-
nient in vivo model systems such as Drosophila melanogaster, for
which EV transfer between cells has been proven (103, 104).

Finally, given that the EVs released by a specific cell type are
highly heterogeneous, it is possible that the recipient cells are
able to receive only a specific subset of these EVs through expres-
sion of cognate receptors. For example, it is known that several
types of EVs are released from cells, but there are few reports
explaining the roles of each of these EV subtypes. The diffi-
culty in elucidating the roles of specific EVs stems from the lack
of molecules unique to each EV subtype. This analysis is made
more problematic by a lack of appropriate EV isolation methods.
Consequently, a future direction of research would be to design
appropriate techniques for discriminating between different EV
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