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Extracellular Vesicles and Metastasis

Shizhen Emily Wang

Department of Pathology, University of California San Diego, La Jolla, California 92093, USA

Correspondence: emilywang@ucsd.edu

Secretion of cell contents through extracellular vesicles (EVs), such as exosomes and micro-
vesicles, is a fundamental cell behavior. Compared with their normal counterparts, cancer
cells are different in the amount and composition of EVs they secrete as a result of intrinsic and
extrinsic (microenvironmental) alterations. Although EVs were originally recognized as a
means to remove undesired cell components, recent studies show their critical role in medi-
ating intercellular interaction through cargo transport. In cancer, EVs can be transferred
between different cancer cell subpopulations and between cancer and normal cells localized
inside and outside of the tumor. By regulating various aspects of cellular functions, EVs
contribute to tumor heterogeneity and plasticity, vascular remodeling, cancer–niche coevo-
lution, immunomodulation, and establishment of premetastatic niche, all of which are im-
portant to the process ofmetastasis. Recent discoveries on EV-mediatedmechanisms lead to a
new understanding of the multifaceted changes in tumor and nontumor tissues before and
after cancer metastasis, paving the way for new therapeutic strategies.

Metastasis is a multistep task that engages
multiple cell types at various organs. This

requires accurate and dynamic intercellular
communication to orchestrate different cellular
behaviors. In addition to the long-studied role of
cancer- and host-derived cytokines in this pro-
cess, cell-secreted membrane-enclosed struc-
tures, known as extracellular vesicles (EVs),
have been recognized in the past decade for their
unique function in mediating short-range and
long-range crosstalk between different cell types
at various stages of metastasis (Zhang andWang
2015; Becker et al. 2016; Tkach and Théry 2016).
EVs represent a heterogeneous population of se-
creted vesicles that include exosomes, micro-
vesicles, and those secreted by certain types of
cells or under certain conditions such as large
oncosomes produced by some cancer cells (Min-

ciacchi et al. 2015) and apoptotic bodies gener-
ated during cell apoptosis. Exosomes (not to be
confusedwith exosomecomplex, anRNase-con-
taining multiprotein intracellular complex
responsible for RNA degradation), often with a
characteristic small size of 30–100 nm, originate
from the endosomal system, forming in the lu-
men of an intermediate endocytic compartment
called multivesicular bodies (MVBs) through
membrane invagination and secreted on fusion
of MVBs with the plasma membrane. In con-
trast, microvesicles as well as large oncosomes
and apoptotic bodies are shed from the plasma
membrane regions that bulge outward, with a
typical size ranging from 50 to 500 nm, but
sometimes can reach 1–10 µm (especially for
the case of large oncosomes). Advanced analyt-
ical tools, such as asymmetric flow field-flow
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fractionation, enable further categorization of
EVs and discovery of an abundant population
of cell-secreted nonmembranous nanoparticles
(∼35 nm) named “exomeres” (Zhang et al.
2018). The effect of EVs on a target cell may be
triggered by molecular interactions at the inter-
faces of EVs and cell membrane or start with
fusion of EV membrane to cell membrane to
release EV contents, or may require internaliza-
tion of EVs through endocytosis, phagocytosis,
or macropinocytosis and subsequent relocaliza-
tionofEVcargomolecules into their functioning
compartments inside of the recipient cell (Fig. 1).

Although exosomes and microvesicles are
generated through distinct routes and therefore

may display different biophysical properties,
molecular composition, targeting specificity,
and physiological functions, it is difficult to
completely differentiate the two subtypes of
EVs because of their overlapping size and simi-
lar appearance. Exosomes are often enriched
from cell culture supernatants and biological
fluids by differential ultracentrifugation with a
final spin at 110,000g for 70 min to pellet exo-
somes. However, this procedure may also retain
larger vesicles such as microvesicles, even
though some of them could be pelleted by a
10,000–20,000g spin before exosome collection.
Further purification can be achieved by buoyant
density centrifugation to separate vesicles by
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Figure 1. Biogenesis and receipt of extracellular vesicles (EVs). Exosomes are generated from an early endosome,
which undergoes subsequent membrane inward invagination and captures a variety of cytosolic components
including DNA, RNA, and proteins to form exosomes within the lumen. The resultant multivesicular bodies
(MVBs) may fuse with the plasma membrane to release the exosomes, or turn into a lysosome for content
degradation. In contrast, microvesicles are generated through outward budding of the plasma membrane. On
receipt by a target cell, the possible fates of EVs include binding to cell surface to trigger intracellular signaling,
fusing to the plasmamembrane to release EV contents, and internalization through endocytosis, phagocytosis, or
macropinocytosis, to eventually release EV contents into the cytoplasm.
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their differences in density, or by immunoisola-
tion using exosome surface markers such as the
tetraspanins CD81 and CD63. However, it has
been noted that some exosome subpopulations
lack these markers, and that some microvesicles
also carry tetraspanins captured from the plas-
ma membrane (Kowal et al. 2016). As a result,
many studies experiment on a mixed group of
EVs containing both exosomes and micro-
vesicles. This review follows the definition of
vesicles in cited research articles for consistency.

Secretion of EVs is an evolutionarily con-
served biological process found from bacteria
to humans (Deatherage and Cookson 2012;
van Niel et al. 2018). Unlike hormones and neu-
rotransmitters released by specialized cells via
secretory vesicles, EVs can be secreted by all cells
in a higher organism (van Niel et al. 2018). EVs
were recognized in the 1980s as ameans to trans-
fer functional enzymes (Trams et al. 1981) or to
remove unwanted proteins during reticulocyte
maturation (Harding et al. 1983; Pan and John-
stone 1983; Johnstone et al. 1987). Subsequent
study discovers a role of B-cell–derived EVs in
antigen presentation and T-cell stimulation (Ra-
poso et al. 1996). Seminal works published in the
2000s clearly show that EVs function as vehicles
allowing cells to exchange their components
such as DNA, RNA, proteins, and lipids, leading
to an explosion of interest in EV-mediated func-
tions in multiple disciplines including cancer
biology (Théry et al. 2002; Valadi et al. 2007;
Skog et al. 2008; El Andaloussi et al. 2013; Vil-
larroya-Beltri et al. 2014; Jeppesen et al. 2019).
EVs derived from cancer and noncancer cells
play roles during all stages of cancer including
tumor initiation, progression, and evolution
(autonomous or in response to therapy), as
well as preparation and development of metas-
tases. They mediate an important layer of the
complex interplay between cancer and host
throughmodulating the immune system, vascu-
lature, parenchymal, and stromal cells inside and
outside the tumor, and cells comprising a pre-
metastatic niche (Kaplan et al. 2006; Psaila and
Lyden 2009).

As an increasingly accepted basic mode of
intercellular communication, EVs can trigger
autocrine, paracrine, and endocrine signaling

without the need of direct cell-to-cell contact.
Compared with the secretion of singular or
complexed biomolecules such as cytokines and
hormones, EVs are unique in their capacity to
simultaneously transfer a broad collection of
bioactive molecules of different categories to
more comprehensively represent the identity
and physiological state of their producing cells.
On their receipt by target cells, which could be
based on recognition of certain molecules on
EVs by the target cell surface, the various cargo
molecules in EVsmay exert additive, synergistic,
ormultifaceted effects to achieve robust and pre-
cise regulation of target cell behaviors. The “bulk
delivery” mode of EVs is associated with their
highly heterogeneous nature, as different groups
of cargomolecules can be selectively packed into
differently addressed EVs for targeted delivery
to specific recipient cells (Chin andWang 2016).
This would allow one-to-many as well as many-
to-one signaling between cells, while maintain-
ing the specificity of the messages to be sent to
different recipients (Fig. 2).

Here, I try to summarize the profound
impact of EV-mediated intercellular communi-
cation onmultiple aspects underlying cancerme-
tastasis with an emphasis on recent discoveries.

Altered EV Secretion Pattern in Cancer

Compared with their normal counterparts,
some cancer cells secrete higher amounts of exo-
somes (Riches et al. 2014), and cancer patients
show higher levels of circulating exosomes com-
pared with healthy individuals (Taylor and Ger-
cel-Taylor 2008; Rabinowits et al. 2009; Melo
et al. 2014). Both oncogenic signaling intrinsic
to cancer cells and the unique conditions in a
tumor microenvironment could contribute to
enhanced EV secretion. Cancer cells frequently
show overexpression of proteins critical for EV
biogenesis. For example, small GTPases Rab27a
and Rab27b, which control different steps in
exosome secretion (Ostrowski et al. 2010), are
overexpressed in breast cancer cells with
Rab27b’s level associated with lymph node me-
tastasis and poorer survival (Bobrie et al. 2012;
Zhang et al. 2012). Inhibition of Rab27a in
mammary carcinoma cells reduces exosome se-
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cretion, and decreases lung metastases and
systemic accumulation of tumor-promoting
neutrophils (Bobrie et al. 2012). Interestingly,
expression of Rab27b is positively correlated
with mesenchymal markers indicating epitheli-
al–mesenchymal transition (EMT) (Zhang et al.
2012), and cancer cells undergone EMT indeed
show increased EV secretion (Garnier et al.
2012). Neutral sphyngomyelinase 2 (nSMase2),
an enzyme involved in ceramide biosynthesis, is
overexpressed in cancer cells and is required
for exosome secretion as well as tumor angio-
genesis andmetastasis (Kosaka et al. 2013). Can-
cer cells with increased heparanase expression or
exposed to exogenous heparanase show in-
creased exosome secretion and higher exosomal
levels of syndecan-1, vascular endothelial

growth factor (VEGF), and hepatocyte growth
factor (HGF) to promotemetastasis (Thompson
et al. 2013).

Common metabolic stresses in the tumor
microenvironment, such as hypoxia and acidity,
have been shown to enhance EV secretion and
may also alter the content of EVs. In breast can-
cer cells, hypoxia induces exosome release and
increases the level of hypoxically regulated
miR-210 in exosomes (King et al. 2012). The
hypoxia-inducible factors (HIFs) induce the
expression of Rab22a, which colocalizes with
budding microvesicles, to stimulate shedding
of microvesicles and their consequent prometa-
static effects (Wang et al. 2014). An acidic tumor
microenvironment, partially owing to enhanced
glycolysis of cancer cells, increases both the re-
lease and uptake of exosomes compared with a
neutral pH, possibly because of enhanced rigid-
ity and sphingomyelin/ganglioside GM3 con-
tent in exosomes released at low pH (Parolini
et al. 2009). Cancer-derived exosomes released
at low pH also contain high levels of caveolin-1,
which has been associated with tumor progres-
sion and metastasis in late-stage cancers. Since
the intracellular levels of many proteins, RNA,
and metabolites are regulated by the dynamic
environmental cues such as levels of oxygen
and nutrients, it is expected that the content of
EVs may show corresponding alterations to re-
flect themetabolic state of EV-producing cells in
a solid tumor. This adds another layer of com-
plexity to the dynamic and heterogeneous com-
position of a tumor (Fig. 3).

Oncogenic cell transformation also alters the
composition of EVs, contributing to the func-
tional differences between cancer- and normal-
cell–derived EVs. Many studies have shown that
themicroRNA (miRNA) profiles of EVs are dis-
tinct from their corresponding cellular profiles,
and that some miRNAs retained inside normal
cells can become highly secreted in malignant
cells, suggesting cancer-specific mechanisms
for selective miRNA sorting into EVs (Pigati
et al. 2010; Cha et al. 2015; Fong et al. 2015).
EVs derived from cancer cells are more hetero-
geneous in appearances including size and
density. Different miRNAs can be sorted into
different subpopulations of cancer EVs (Palma

“One-to-many”

“Many-to-one”

Figure 2. The one-to-many and many-to-one inter-
cellular communication mediated by extracellular
vesicles (EVs). A secreting cell can generate different
subpopulations of EVs with different contents, which
target their corresponding groups of target cells
through recognition of the EVs by the recipient cell
surface (the one-to-many communication). On the
other hand, EVs secreted by different types of cells
and carrying different contents can target the same
recipient cell through receptor-dependent or -inde-
pendent interaction (the many-to-one communica-
tion). In all cases, the bulk delivery mode of EVs
allows simultaneous transfer of groups of signaling
molecules for precise communication.
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et al. 2012). Exosomes derived from metastatic
breast cancer cells show an enrichment in
miRNAs compared with those from nonmeta-
static breast cancer cells (Melo et al. 2014). EVs
from breast cancer cells and the blood of pa-
tients, but not from normal controls, contain
the RNA induced silencing complex (RISC)-
loading proteins Dicer, TRBP, and AGO2
through CD43-dependent protein transport,
and therefore display cell-independent capacity
to process pre-miRNAs into mature miRNAs
(Melo et al. 2014). Colorectal cancer cells carry-
ing mutant KRAS show a different specificity in
exosomal RNA secretion compared with cells
with wild-type KRAS, with increased miR-100
and Rab13 mRNA and decreased miR-10b se-
cretion suggesting KRAS-dependent RNA ex-
port (Cha et al. 2015; Hinger et al. 2018). This
may contribute to the maintenance of a desired

intracellular RNA level in the corresponding cel-
lular context; for instance, miR-100 functions as
a suppressor of multiple metastatic traits and its
expression is decreased in metastatic cancers
(Cha et al. 2015). Exosomes from mutant
KRAS cells also contain unique oncogenic pro-
teins such as KRAS (mutant), epidermal growth
factor receptor (EGFR), and SRC, which can be
transferred to cancer cells with wild-type KRAS
to promote their malignancy (Demory Beckler
et al. 2013). Transformation of epithelial cells
with oncogenic HRAS stimulates generation of
exosomes enriched in several proteases and in-
tegrins implicated in modifications of the tumor
microenvironment and metastatic progression
(Tauro et al. 2013). These findings clearly show
the distinct composition and function of cancer-
derived EVs, and support the potential use of
increased amount of circulating, tumor-derived

O2

A cancer cell and its EV

A stressed cancer cell and its EV

•  Enhance EV secretion

•  Increase EV loading of angiogenic and
   prometastatic proteins and miRNAs

•  Alter EV lipid content to increase rigidity

•  Stimulate EV uptake by other cells in
   the tumor microenvironment to
   potentiate EV-mediated education

H+

Figure 3.Effect ofmetabolic stresses on extracellular vesicle (EV)-mediated communication in a solid tumor. As a
tumor grows in size, metabolic stresses, such as hypoxia and acidity, are frequently experienced in some tumor
areas, and can influence EV secretion, composition, and uptake in the tumor microenvironment to promote
angiogenesis and metastasis. The spatiotemporal metabolic patterns in a tumor thus contribute to EV hetero-
geneity.
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EVs and their characteristic cargo as biomarkers
for cancer diagnosis and prognosis.

Transfer of EVs between Subpopulations of
Cancer Cells

All solid tumors show intratumoral heterogene-
ity to a certain degree. This includes the diver-
gent genetic and epigenetic profiles of cancer
cells as a result of their genomic instability and
continuous cell selection and evolution, as well
as the heterogeneous composition of a tu-
mor microenvironment, for example, the abun-
dances of noncancer cell populations, blood
vessels, various cytokines, nutrients and meta-
bolic wastes, and therapeutic agents, etc. All
these variable tumor-cell–intrinsic and –extrin-
sic factors could influence the secretion and
content of EVs, as exemplified above. Thus, dif-
ferent subpopulations of cancer cells may com-
municate with each other through EV secretion
and uptake as a paracrine mechanism to coor-
dinate populational behaviors.

Through the effects of EVs, the signaling
cancer cells could alter the phenotype of recip-
ient cells in a way to simulate, at least partially,
traits of the former. Cancer exosomes even en-
able nontumorigenic epithelial cells to form tu-
mors (Melo et al. 2014). Exosomes from cancer
cells with higher metastatic potentials are able to
induce migration, invasion, EMT, and the met-
astatic capacity of less aggressive cancer cells,
which has been associated with exosomal trans-
fer of proteins (such as Hsp90α) and miRNAs
(such as the miR-200 family and miR-10b)
(McCready et al. 2010; O’Brien et al. 2013; Le
et al. 2014; Singh et al. 2014; Harris et al. 2015).
Glioblastoma cells expressing tumor-specific
EGFRvIII secrete EVs that contain EGFRvIII
mRNA and proteins, which can be transferred
to cancer cells lacking this EGFR variant to pro-
mote aggressiveness (Al-Nedawi et al. 2008;
Skog et al. 2008). Similarly, EVs from medullo-
blastoma cells with MYC amplification contain
MYC DNA and RNA to enable horizontal gene
transfer (Balaj et al. 2011). A majority of the
studies show gain of a more aggressive pheno-
type by non- or less aggressive cancer cells on
receipt of EVs from highly aggressive cancers.

This may reflect a unique means for the tumor
entity to evolve to a more aggressive stage, with
only a subset of cancer cells that have acquired
advantageous genetic alterations serving as
leaders in evolution through horizontally
spreading oncogenic signals to drive other can-
cer cells lacking such permanent alterations.

Another way for EVs derived from some
cancer cells to directly influence themselves
and other cancer cells is to serve as the “stepping
stones” for directional cell movement. Detach-
ment of cancer cells from the extracellular ma-
trix (ECM) triggers rapid secretion of exosomes,
which attach to the cell surfaces and mediate
cellular adhesion and spreading (Koumangoye
et al. 2011). Migrating cells secrete exosomes at
invadopodia to facilitate cell invasion (Hoshino
et al. 2013). Through integrin-dependent sort-
ing, the ECM protein fibronectin is enriched in
cancer exosomes to enable an autocrine/para-
crine mechanism that promotes cancer cell ad-
hesion and directionally persistent movement
(Sung et al. 2015; Purushothaman et al. 2016).
Together, these exemplified modes of EV-medi-
ated interplay between different cancer cell sub-
sets show a role of EV secretion in driving tumor
cell evolution towards a more metastatic pheno-
type.

Mutual Adaptations between Cancer and
Stromal Cells through Exchange of EVs

Stromal cells, especially fibroblasts, are frequent
targets of cancer-secreted EVs. Exosomes from
some cancer cells contain latent transforming
growth factor (TGF)-β, which can trigger fibro-
blast differentiation into myofibroblasts and
elevated FGF2 production (Webber et al.
2010). Exosomes from breast cancer cells induce
differentiation of adipose tissue-derived mesen-
chymal stromal cells (MSCs) towards myofibro-
blasts, leading to increased secretion of SDF-1,
VEGF, CCL5, and TGF-β to promote tumor
growth, angiogenesis, and metastasis (Cho
et al. 2012). Prostate cancer cell-derived large
oncosomes carrying functional miRNA and
AKT1 kinase can be detected in the circulation
of metastatic prostate cancer patients, and can
induce MYC activation and expression of
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α-SMA, IL-6, and MMP9 in normal prostate
fibroblasts to promote tumor growth (Morello
et al. 2013; Minciacchi et al. 2017). miR-105
encapsulated in EVs frommetastatic breast can-
cer cells activates MYC signaling in cancer-as-
sociated fibroblasts (CAFs), conferring these
cells the ability to detoxify metabolic wastes
such as lactic acid and ammonium in the tumor
microenvironment to support sustained tumor
growth and progression (Yan et al. 2018).

Exosome transfer from stromal to cancer
cells have also been well established. Cancer cells
induce NOTCH-MYC signaling in stromal fi-
broblasts, leading to increased packing of un-
shielded RN7SL1 RNA in stromal exosomes
(Nabet et al. 2017). This unique RNA compo-
nent of stromal exosomes can then stimulate the
pattern recognition receptor RIG-I to activate
antiviral signaling in cancer cells, promoting
cancer progression and resistance to therapy
(Boelens et al. 2014). Fibroblast-secreted exo-
somes also promote the motility and metastasis
of breast cancer cells through Wnt-planar cell
polarity signaling (Luga et al. 2012). Prostate
cancer-associated fibroblasts (CAFs) secrete
exosomes that can suppress mitochondrial oxi-
dative phosphorylation and induce hypoxia-like
metabolic alterations in cancer cells. In addition,
metabolites including amino acids, lipids, and
tricarboxylic acid (TCA)-cycle intermediates
have been found in CAF-derived exosomes,
and can be used to fuel cancer cell metabolism
to promote tumor growth (Zhao et al. 2016).
Therefore, cancer- and stroma-derived EVs par-
ticipate in the mutual adaptation and coevolu-
tion between cancer and stromal cells during
tumor progression and metastasis.

Immunomodulation by Tumor-Derived EVs

Similar to the dual role of the immune system in
preventing and supporting tumor progression,
cancer-secreted EVs modulate various types of
immune cells to activate or suppress their
function. Tumors that are deficient in Hippo
pathway secrete EVs containing a higher level
of nucleic acids that induce a type I interferon
response, leading to enhanced antitumor im-
munity and tumor destruction in immunocom-

petent mice (Moroishi et al. 2016). Exosomes
derived from cancer cells, but not fromdendritic
cells or B cells, suppress natural killer (NK) cell
function to promote tumor progression (Liu
et al. 2006). Tumor-derived exosomes interact
with B cells to trigger tumor-promoting humor-
al immunity; this can be blocked by subcapsular
sinus macrophages in tumor-draining lymph
nodes during lymphatic dissemination of
exosomes (Pucci et al. 2016). Cancer patient-
derived EVs containing Fas ligand induce
apoptosis of activated T cells (Kim et al. 2005).
CD39 and CD73 on cancer EVs suppress T cells
through inducing adenosine production (Clay-
ton et al. 2011). EVs produced by metastatic
melanomas carry programmed death-ligand 1
(PD-L1), which can be increased by interfer-
on-γ stimulation and in turn suppresses T-cell
function to facilitate tumor growth. Thus,
changes in the level of circulating exosomal
PD-L1 during early stages of treatment are as-
sociated with response to anti-PD-1 therapy
(Chen et al. 2018).

Myeloid cells are also influenced by tumor
EVs. On uptake of cancer-derived EVs by bone
marrow myeloid cells, EV-encapsulated prosta-
glandin E2 and TGF-β induce cell differentia-
tion into myeloid-derived suppressor cells
(MDSCs), which are enriched in primary tu-
mors and lungs to promote tumor growth and
metastasis (Xiang et al. 2009). In addition, tu-
mor exosome-associated Hsp72 triggers Stat3
activation in MDSCs leading to immunosup-
pression (Chalmin et al. 2010). Melanoma exo-
somes home to sentinel lymphnodes to promote
melanoma cell recruitment and metastasis
(Hood et al. 2011). This is at least partially
through exosomes’ effect to promote mixed
M1 and M2 macrophage polarization (Bardi
et al. 2018). Breast cancer-derived EVs contain
high levels of protein palmitoylation, which can
activate macrophages in axillary lymph nodes,
lungs, and brain to induce inflammatory cyto-
kines, such as IL-6 and TNF-α, potentially pro-
moting metastasis (Chow et al. 2014). Exosomal
transfer of miR-21 from neuroblastoma cells to
monocytes and miR-155 from monocytes
to neuroblastoma cells contribute to resistance
to chemotherapy (Challagundla et al. 2015).

Extracellular Vesicles and Metastasis
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Prostate cancer secretes exosomes containing
the αvβ3 integrin, whose levels in the circulation
are higher in prostate cancer patients compared
with healthy controls (Krishn et al. 2019). These
exosomes also carry the αvβ6 integrin, which
can be transferred to peripheral blood mononu-
clear cells to mediate monocyte M2 polarization
and promote prostate cancer progression (Lu
et al. 2018). On the other hand, EVs secreted
by activated macrophages induce the invasive-
ness of cancer cells by transferring miR-223,
miR-21-5p, and miR-155-5p (Yang et al. 2011;
Lan et al. 2019). Together, these findings estab-
lish the potential mechanistic links between EV-
mediated immunomodulation and metastasis,
and suggest the use of EVs as biomarkers and
targets in cancer immunotherapy.

Cancer-Derived EVs Remodel Local and
Distant Vasculature

Blood vessels play critical roles in metastasis as
they not only supply circulating nutrients, cells,
and factors to the tumor, but also allow dissem-
ination of cancer cells and EVs. Most studies
focus on the two nonconflicting effects of tumor
EVs on blood vessels—angiogenesis and vascu-
lar leakiness—both contributing to metastasis.
Tumor EVs contain higher levels of miR-9 to
promote angiogenesis by activating the JAK-
STAT pathway (Zhuang et al. 2012). EVs from
glioblastomas are enriched in angiogenic pro-
teins angiogenin and VEGF, and can stimulate
endothelial tubule formation (Skog et al. 2008).
Annexin II in breast cancer exosomes promotes
angiogenesis and distant metastasis through
macrophage-mediated secretion of IL-6 and
TNF-α (Maji et al. 2017). Tetraspanin Tspan8/
CO-029/D6.1A enriched in exosomes frompan-
creatic cancer cells induces systemic angiogene-
sis (Gesierich et al. 2006), possibly through
Tspan8-mediated exosome recruitment of
CD106 and CD49d to facilitate exosome uptake
by endothelial cells and the subsequent induc-
tion of angiogenesis-related genes including von
Willebrand factor as well as VEGF and its recep-
tor (Nazarenko et al. 2010). EVs also mediate
hypoxia-induced angiogenesis. Acute hypoxia
significantly induces nSMase2 in vivo (Cogol-

ludo et al. 2009), which enhances secretion of
exosomal miR-210 to promote tumor angiogen-
esis and metastasis (Kosaka et al. 2013).

Tumor vasculatures are often immature and
hyperpermeable (Weis and Cheresh 2011), and
vascular destabilization is a critical characteristic
of a premetastatic niche (Huang et al. 2009;
Psaila and Lyden 2009). Melanoma-derived
exosomes induce vascular leakiness and recruit-
ment of bone marrow progenitor cells at pre-
metastatic sites through induction of inflamma-
tion factors such as S100a8, S100a9, and tumor
necrosis factor (TNF)-α (Peinado et al. 2012).
Metastatic breast cancer cells secrete EV-associ-
ated miR-105 to down-regulate ZO-1 and tight
junctions in endothelial monolayers at both the
primary tumor site and premetastatic sites to
increase vascular permeability. This potentially
facilitates tumor cell intravasation and extrava-
sation to enhance distant metastasis, and serum
levels of miR-105 are associated with a subse-
quent metastatic event in early-stage breast can-
cer patients (Zhou et al. 2014). Brain-metastatic
breast cancer cells secrete EV-associated miR-
181c, which promotes the destruction of
blood–brain barrier (BBB) by down-regulating
PDPK1 to cause abnormal localization of actin,
thereby facilitating brain metastasis (Tominaga
et al. 2015). Therefore, cancer-derived EVs are
extensively involved in vasculature remodeling
both in the tumor and systemically. Figure 4
summarizes EV-mediated interactions between
cancer and various niche cells in the primary
tumor microenvironment.

EVs Mediate Establishment of a Premetastatic
Niche

A permissive metastatic environment, known as
the premetastatic niche, is essential for the suc-
cessful distant colonization of disseminated tu-
mor cells. EVs from renal cell stem cells induce
angiogenesis and promote the formation of lung
premetastatic niche (Grange et al. 2011). Inter-
estingly, cancer-derived exosomes inherit or-
ganotropism from their producing cancer cells,
which is partially determined by the distinct in-
tegrin expression patterns on exosomal surface
(Hoshino et al. 2015). Cancer exosomes from
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different origins preferentially target niche cells
at differentmetastatic sites, including lung fibro-
blasts and epithelial cells, liver Kupffer cells, and
brain endothelial cells, to promote organotropic
metastasis; the exosomal integrin profiles can be
used to predict organ-specific metastasis. The
EV-conditioned premetastatic niche is determi-
nant to organotropic metastasis, as treatment
with exosomes from lung-tropic cancer cells re-
directs the metastasis of bone-tropic cancer cells
to lungs (Hoshino et al. 2015). Systemic vascular
leakiness, as discussed above, can further faci-
litate recruitment of circulating EVs and
noncancer cells during premetastatic niche for-
mation. Exosomes from metastatic melanomas
contain oncoprotein MET, which permanently
educates bone marrow progenitor cells towards

a provasculogenic phenotype to enable their re-
cruitment to lungs to form the premetastatic
niche (Peinado et al. 2012). Pancreatic cancer-
derived exosomes contain macrophage migra-
tion inhibitory factor, which induces TGF-β
production on exosome uptake by Kupffer cells
to stimulate hepatic stellate cells, leading to in-
creased fibronectin production, recruitment of
bone marrow-derived cells to the liver, and for-
mation of a premetastatic niche (Costa-Silva
et al. 2015).

In the bone marrow, cancer-derived EVs
also reprogram mesenchymal stromal cells
(BM-MSCs). miR-940 in prostate cancer-secret-
ed exosomes promotes the osteogenic differen-
tiation of MSCs to promote bone metastasis
(Hashimoto et al. 2018). Neuroblastoma-

•  Directional cell movement •  Transfer of a more
   aggressive phenotype

Extracellular matrix

Fibroblasts
Cancer cells

Endothelial cells

Cancer cell carrying an
advantageous trait

•  Angiogenesis

•  Leakiness

Immune cells

•  Suppression of NK, T cell,
   and B cell functions

•  Induction of MDSCs

•  Macrophage polarization and
   procancerous inflammation

•  Activation towards
   myofibroblasts or “CAFs”

•  ECM deposit and remodeling

•  Cytokine production

•  Metabolic reprogramming

Figure 4. Cancer-derived extracellular vesicles (EVs) in the primary tumor microenvironment mediate tumor
evolution and progression. Exchange of EVs within the tumor facilitates phenotypic transfer between different
subpopulations of cancer cells to spread metastatic traits during tumor evolution. EVs carrying extracellular
matrix (ECM) proteins can serve as the “stepping stones” for directional cell movement to promote cancer cell
invasion. EVs secreted by cancer cells also influence other cell types including endothelial cells, immune cells, and
fibroblasts, leading to coevolution of the tumor microenvironment and tumor progression. The various types of
cells in the tumor microenvironment also secrete EVs to influence cancer cell behaviors.
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derived EVs are captured by BM-MSCs and in-
duce production of tumor-promoting factors
including IL-6, IL-8, VEGF, and MCP-1, simu-
lating an inflammation response (Nakata et al.
2017). Recent studies reveal a nuclear structure
named spathasomes that deliver EV proteins
and RNA to the nucleus of target cells, and
blockade of nuclear translocation abolishesmel-
anoma EV-induced transcriptomic changes in
MSCs (Rappa et al. 2017; Santos et al. 2018).
Studies are warranted to explore whether inhi-
bition of the spathasome pathway results in sup-
pression of the metastatic process. Exosomes
from BM-MSCs, in turn, have been shown to
induce quiescence in bone-metastatic breast
cancer cells through miR-23b and miR-222/
223 (Ono et al. 2014; Bliss et al. 2016).

Cells in premetastatic niche can be metabol-
ically reprogrammed. Breast cancer cells secrete
EV-associated miR-122, which reprograms lung
fibroblasts and astrocytes to suppress glucose
metabolism through down-regulation of pyru-
vate kinase. This can be detected before distant
metastasis, and may save more extracellular glu-
cose to fuel metastasized cancer cells (Fong et al.
2015). Cytotoxic chemotherapy has been shown
to induce prometastatic effects, which could be
partially mediated by EVs. Chemotherapy in-
duces EV release by breast cancer cells, and che-
motherapy-elicited EVs are enriched in annexin
A6, which mediates endothelial cell activation
and monocyte expansion in premetastatic lung
niche to promote metastasis (Keklikoglou et al.
2019). Importantly, uptake of cancer-derived
EVs by cells in premetastatic niche can be inhib-
ited by cholesterol 25-hydroxylase (CH25H),
and reserpine, an antihypertensive drug, may
be used to pharmacologically block both pre-
metastatic niche formation and metastasis (Or-
tiz et al. 2019). Melanoma-derived EVs suppress
the expression of CH25H in recipient cells
through down-regulation of type I interferon
receptor, leading to increased uptake of cancer
EVs and the consequent reprogramming in pre-
metastatic lungs as well asmetastasis (Ortiz et al.
2019). Last but not the least, EVs released by
cells in a premetastatic niche can also influence
metastasized cancer cells. In a metastatic brain
niche, astrocytes secrete exosomes containing

miR-17∼92, which silence PTEN expression in
breast cancer cells metastasized to the brain.
This, in turn, induces cancer cell secretion of
CCL2 to recruit myeloid cells that can promote
the proliferation and survival of metastasized
cancer cells (Zhang et al. 2015). These findings
initiate important research on factors regulating
EV uptake and secretion by normal cells in pre-
metastatic niches for novel therapeutic opportu-
nities. Reported effects of tumor-derived EVs on
premetastatic niche formation are summarized
in Figure 5.

Clinical Implications

EVs are actively pursued as biomarkers, thera-
peutic targets, and drug delivery vehicles. Levels
of total exosomes in the circulation are signifi-
cantly higher in cancer patients compared with
healthy controls and may increase along with
cancer stage (Taylor and Gercel-Taylor 2008;
Rabinowits et al. 2009; Melo et al. 2014). Be-
cause all cells in the body, in principle, can con-
tribute to the load of EVs in blood, detection of
cancer-specific EV cargo would provide im-
proved specificity and sensitivity. Many studies
including some discussed earlier have shown
that the circulating levels of specific cancer
EV-associated miRNAs or proteins can po-
tentially differentiate cancer from noncancer
controls, and between cancers with low or
high metastatic potential. These blood-borne,
EV-based biomarkers include but are not limit-
ed to: MET, TYRP2, VLA-4, and HSP70 associ-
ated with stage 3-4 melanoma (Peinado et al.
2012); miR-122 and miR-105 associated with
breast cancer metastasis (Wu et al. 2012; Zhou
et al. 2014); miR-181c associated with breast
cancer metastasis to brain (Tominaga et al.
2015); miR-218 associated with breast cancer
metastasis to bone (Liu et al. 2018); integrin β4
associated with lung metastasis (Hoshino et al.
2015); integrin αv associated with liver metasta-
sis (Hoshino et al. 2015); MIF associated with
pancreatic cancer metastasis to liver (Costa-Sil-
va et al. 2015); and glypican-1 associated with
early breast and pancreatic cancer as well as with
pancreatic cancer burden (Melo et al. 2015). In
addition, integrins α3 and β1 in urine exosomes
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are associated with prostate cancer metastasis
(Bijnsdorp et al. 2013). A comparison between
exosomes from isogenic bladder cancer cells re-
veals enrichment of EMT-associated proteins in
EVs from metastatic cells compared with non-
metastatic cells (Jeppesen et al. 2014). Since it is
unlikely that a universal EV biomarker can be
identified for a certain type of cancer or metas-
tasis, future efforts will focus on multiplex
detection of a selected panel of EV RNA and
proteins to achieve high sensitivity, specificity,
and predictive capacity.

Pharmacologically blockingEVbiogenesis is
challenging because of the conserved physiolog-
ical functions of EVs. However, a few strategies
are pursued to hopefully target cancer-specific
EV secretion. Heparanase, which is frequently
up-regulated during tumor progression and
can promote metastasis, is required for the
high secretion andunique compositionof cancer
exosomes (Thompson et al. 2013). Syndecans,
heparan sulphate proteoglycans shed by hepar-

anase, control exosome formation through the
ALIX endosomal sorting complexes required for
transport (ESCRT) machinery (Baietti et al.
2012). Cancer-derived exosomes also depend
on heparan sulfate proteoglycans expressed on
the surface of recipient cells for their internali-
zation (Christianson et al. 2013). Therefore,
therapies targeting heparanase/syndecans, cur-
rently tested in clinical studies, may hold
promise for blocking both the production and
uptake of cancer EVs. In addition, inhibition of
nSMase2 with GW4869 has been shown to sup-
press cancer exosome secretion and abolish exo-
some-mediated prometastatic effects (Kosaka
et al. 2013). Blockade of normal cell uptake of
cancer-derived EVs provides another possibility
to prevent their systemic prometastatic effects.
Recent success by using the antihypertensive
drug reserpine shows a highly promising avenue
towards this direction (Ortiz et al. 2019).

As naturally generated nanoparticles, EVs,
especially exosomes, are engineered towards

Endothelial cells

BMDCs

Native cells

Fibroblasts

Immune cells
Extracellular

matrix
Premetastatic nicheTumors with different

organotropism

Figure 5. Disseminated tumor-derived extracellular vesicles (EVs) promote formation of a premetastatic niche
and distant metastasis. EVs can inherit the organotropism of their producing cancer cells and specifically target a
distant organ to initiate premetastatic niche formation. Tumor-derived EVs recruit bone marrow-derived cells
(BMDCs) to a premetastatic niche and influence other niche cells to create a permissive environment for cancer
metastasis.
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the use as a therapeutic tool because of their
ability to overcome natural barriers such as
BBB, the intrinsic cell targeting properties, and
low-to-none immunogenicity when used auto-
logously (Vader et al. 2016). Compared with
synthetic nanoparticles, exosomes show en-
hanced retention in circulation, likely because
of theCD47-mediated “don’t eatme” signal pro-
tecting exosomes from phagocytosis (Kamerkar
et al. 2017). Fibroblast-derived exosomes engi-
neered to deliver therapeutic RNA targeting
mutant KRAS efficiently suppress pancreatic tu-
mor growth and metastasis (Kamerkar et al.
2017). Organ-specific targeting can be achieved
by engineering exosomal surface proteins. Exo-
somes from dendritic cells engineered to express
Lamp2b fused to a brain-specific peptide can be
loaded with therapeutic RNA to specifically tar-
get brain cells (Alvarez-Erviti et al. 2011). Sim-
ilar strategies may be used to achieve targeted
delivery of combined therapeutics into cancer
cells or normal cells in a premetastatic niche as
a preventive or curative treatment formetastasis.

CONCLUDING REMARKS

Metastasis is a multistep process that involves
many different types of normal cells. Recent
studies have shown that cancer-derived EVs
can play determinant roles in every step of me-
tastasis and affect all kinds of involved cells in a
direct or indirect manner. Normal cells, in turn,
also influence cancer cells’ metastatic potential
through EV secretion. Recognition of these EV-
mediated functions in metastasis further em-
phasizes the importance of detecting, decoding,
and targeting massages that are sent throughout
the body before metastasis for new therapeutic
opportunities. Exciting results have been seen in
the recent development of EV-based biomarkers
and therapeutics. However, the heterogeneous
presence of EVs remains an obstacle in the field,
and most current studies describe EV behaviors
at a populational level. Maturing technologies
enabling streamlined and standardized detec-
tion and isolation of different subgroups of
EVs at single-particle level (Smith et al. 2015;
Kibria et al. 2016; Lee et al. 2018; Welsh et al.
2018; Fraser et al. 2019), as well as marker

development to differentiate EVs of different or-
igins, will dramatically advance the field, ulti-
mately leading to an improved management of
metastasis.
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