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Intercommunication between cancer cells and with their surrounding and distant environments is key to the
survival, progression and metastasis of the tumour. Exosomes play a role in this communication process.
MicroRNA (miRNA) expression is frequently dysregulated in tumour cells and can be reflected by distinct
exosomal miRNA (ex-miRNA) profiles isolated from the bodily fluids of cancer patients. Here, the potential of
ex-miRNA as a cancer biomarker and therapeutic target is critically analysed. Exosomes are a stable source of
miRNA in bodily fluids but, despite a number of methods for exosome extraction and miRNA quantification,
their suitability for diagnostics in a clinical setting is questionable. Furthermore, exosomally transferred
miRNAs can alter the behaviour of recipient tumour and stromal cells to promote oncogenesis, highlighting a
role in cell communication in cancer. However, our incomplete understanding of exosome biogenesis and
miRNA loading mechanisms means that strategies to target exosomes or their transferred miRNAs are limited
and not specific to tumour cells. Therefore, if ex-miRNA is to be employed in novel non-invasive diagnostic
approaches and as a therapeutic target in cancer, two further advances are necessary: in methods to isolate and
detect ex-miRNA, and a better understanding of their biogenesis and functions in tumour-cell communication.
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ell communication is essential for tumorigenesis:

individual tumour cells must interact with each other

and host cells to survive, progress and metastasise.
Through inter-tumour communication, a heterogeneous
population of cells can co-operate and advance in a hostile
environment. Local tumour-stromal communication facil-
itates manipulation of the microenvironment, optimising
tumour growth, invasion and survival (1,2). Similarly,
long-distance communication with stromal cells at distant
host sites facilitates pre-metastatic niche formation, to
promote colonisation and metastasis (3). However, the
signals involved in tumour-stromal cell communication are
yet to be fully elucidated. Deciphering these will facilitate
the generation of novel, effective biomarkers and possibly
provide a therapeutic benefit through targeting of these
signals.

It is becoming increasingly clear that tumour-derived
exosomes (a form of endosome-derived extracellular
vesicle [EV]) play an important role in this communication
process through the transport of various proteins, lipids

and nucleic acids in their membranous compartments (4).
The discovery that exosomes can transfer microRNA
(miRNA) between cells (5, Fig. 1) and the accompany-
ing research developments in the miRNA field have
sparked great interest in this area. miRNAs are short
non-coding RNAs that target and repress complementary
mRNAs, with roles in a number of cellular functions, such
as differentiation, proliferation and cell cycle regulation
(6). Due to the location of miRNA genes in chromosomal
regions at cancer-associated genomic regions and fragile
sites (unstable genomic regions that are often the sites
of chromosomal rearrangements in cancer), expression is
frequently dysregulated in tumour cells, leading to the
upregulated expression of oncogenic miRNA and down-
regulation of tumour suppressor miRNA (7).

The aberrant expression of cellular miRNA has been
observed in cancer (7), and there is evidence that exosomal
miRNA (ex-miRNA) expression is also altered (8). For
this reason, could ex-miRNA be a potential cancer
biomarker? Furthermore, could this dysregulation play a
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Fig. 1. miRNA biogenesis and loading into exosomes. miRNA genes are transcribed by RNA polymerase II (Pol 1I), forming pri-
miRNAs in the nucleus. The Drosha complex cleaves pri-RNA to pre-miRNA, which is exported to the cytoplasm via exportin
5. Further cleavage by the Dicer complex generates an intermediary miRNA duplex, of which one strand is incorporated into the
RNA-induced silencing complex (RISC) to form mature miRNA, which targets complementary mRNA for translational repression.
Inward budding of the early and late endosome forms exosomes. During this process, mature miRNA, some pre-miRNAs and other
RNA molecules, proteins, and lipids are loaded into the exosomes. Within exosomes, loaded pre-miRNAs may be processed into mature
miRNA. The exosome-loading process involves an endosomal-sorting complex required for transport (ESCRT) or ceramide-dependent
mechanisms. The fusion of multivesicular bodies (MVBs) with the plasma membrane releases exosomes. This process is dependent
on Rab GTPases (e.g. Rab27). The exosomal fusion with the plasma membrane of the recipient cell, or phagocytosis followed by
membrane fusion, leads to the release of miRNA cargo into the cytosol and translational repression.

role in facilitating tumorigenesis? If so, ex-miRNA might
provide a novel therapeutic target.

Rapidly emerging methods in the field of exosome
isolation and analysis have facilitated the identification
of protein markers that distinguish exosomes from other
EVs (9). The latter include microvesicles that bud off from
the surface of the cell, including very large membrane-
bound structures called oncosomes (10). In this review,
there will be a specific focus on exosomes, since they are
the best-characterised form of EV and most studies of
miRNA-containing vesicles have targeted these structures.
However, it is important to emphasise that often authors
have not clearly distinguished between exosomes and
other EVs, because of the current limitations with isola-
tion procedures, although many methodologies employed
typically separate away large oncosomes. Here, we will
evaluate the technological and clinical feasibility of ex-
miRNA as a biomarker. Further, to determine its potential

as a therapeutic target, the accuracy and relevance of
experiments demonstrating the role of ex-miRNA in
tumour progression will be critically discussed.

Ex-miRNAs as diagnostic markers

Detection

Current cancer biomarkers, such as prostate-specific
antigen (PSA) and carbohydrate antigens, are plagued
by problems such as false-negatives, false-positives and
lack of tumour-type specificity (11). Consequently, tumour
biopsy, a potentially invasive and damaging method, is
the only definitive method of diagnosis. Non-exosomal,
extracellular miRNA, bound to protein complexes (12),
can be detected in biological fluids including blood,
cerebrospinal fluid (CSF), breast milk, saliva and urine
(13). Similarly, since their initial detection in secretions
from mouse and human mast cell lines (5), ex-miRNAs
have also been identified in bodily fluids (14-17).
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Further, exosomes have been found to provide a stable
source of miRNA, preventing RNase degradation (18).
In fact, exosomally derived miRNA has been demon-
strated to remain stable at —20°C for 5 years, is largely
unaffected after 2 weeks at 4°C and is resistant to freeze-
thaw cycles (13). Therefore, exosomes are a source of
miRNA that enables efficient storage and recovery in
conditions that would normally degrade free miRNA.

Due to its ease of access and stability, ex-miRNA has
been proposed as a novel, minimally invasive tool for
cancer diagnosis, with possible prognostic value. It in-
evitably suffers from some of the same problems as more
conventional tumour markers. For example, it will almost
certainly be secreted by other cell types, potentially mask-
ing cancer-specific signals. However, it is envisaged that, by
profiling multiple ex-miRNA markers and by isolating
exosomes using tumour-specific protein markers, it will be
possible to improve on sensitivity and specificity, eliminat-
ing the issues faced with current cancer biomarkers.

For effective biomarker analysis of exosomes, pure
exosome samples are required. Currently, there are difficul-
ties in the isolation of exosomes from other EVs found in
bodily fluids. Exosomes are distinguished from other EVs,
such as microvesicles, based on membrane composition, size
and density. Whereas microvesicles are often 100—1,000 nm
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in diameter and originate from the plasma membrane,
exosomes are around 40-100 nm in diameter (19) and are
enriched in proteins that are associated with the endocytic
pathway, suggesting endosomal origin (20,21).

Several methods have been employed to isolate exo-
somes (Fig. 2), the most common of which involves
ultracentrifugation (UC) or ExoQuick precipitation. Both
are fast and simple procedures, but relatively crude iso-
lation methods for ex-miRNA measurements due to con-
taminating soluble proteins (particularly after ExoQuick
isolation) and non-exosomal particles (22,23). Another
method is immunoaffinity pulldown using anti-EpCAM-
coupled microbeads, but not all exosomes express
EpCAM (24). With this method, the failure to collect
EpCAM-negative subtypes of exosomes and the presence
of EpCAM-positive circulating tumour cells are likely to
influence subsequent miRNA quantification. Few studies
have adopted density gradient centrifugation (DGC),
which allows the isolation of vesicles based on buoyant
density. This approach has been shown to generate purer
exosome samples than other methods (22,25, Fig. 2).
However, the suitability of the density gradient method
in a clinical setting is questionable, due to difficulties in
upscaling and automating such a process.

Ultracentrifugation ExoQuick

Dilute 5 ml plasma in 30 ml
PBS and centrifuge to
eliminate cell debris

! J

Filtration (0.22 um) Incubate with ExoQuick
\L solution (12 h; 4°C)

y

Ultracentrifugation Centrifuge (1,500 g; 5 min;
(100,000-200,000; 3 h; 4°C) and discard the

4°C) supernatant

Discard supernatant and i
P Discard supernatant and

resuspend exosome
pellet resuspend exosome
pellet

Dilute 5 ml plasma in 30 ml
PBS and centrifuge to
eliminate cell debris

Exosome purity: *
Exosome yield: *
Ease of use: ***
Isolation time (h): 13
Hands on time (h): <0.5
Cost (¢): 15

Exosome purity: **
Exosome yield: ***
Ease of use: **
Isolation time (h): 4
Hands on time (h): <1
Cost (€): 5

Immunoaffinity
pulldown/MACS

Incubation of 5 ml plasma with
50 ul anti-EpCAM conjugated
magnetic microbeads (2 h; 4°C)

|

Apply magnetic immune
complexes onto a microcolumn
placed in the magnetic field of a

MACS separator. Discard

unbound material

y

Dilute isolated exosome-
microbead complexes in IgG
elution buffer and centrifuge

(100,000 g; 1 h; 4°C)

|

Discard supernatant and
resuspend exosome pellet

Exosome purity: **
Exosome yield: *
Ease of use: **
Isolation time (h): 4
Hands on time (h): <1
Cost (€): 15

OptiPrep density
gradient

Dilute 5 ml plasma in 30 ml PBS
and centrifuge to eliminate
cell debris

y

Create 5-40% iodoxanol
gradient by diluting a
stock solution of OptiPrep.
Layer sample on top

y

Centrifuge (100,000g; 18 h;
4°C) and collect 1 ml fractions

!

Dilute fractions in PBS and
centrifuge (100,000 g; 3 h; 4°C)

y

Discard supernatant and
resuspend exosome pellet

Exosome purity: ****
Exosome yield: ****
Ease of use: *
Isolation time (h): 20
Hands on time (h): 1
Cost (€): 15

Fig. 2. Exosome isolation methods. Example procedures and comparison of 4 commonly used methods, which are ultracentrifugation,
ExoQuick precipitation, immunoaffinity pulldown/magnetic-activated cell sorting using anti-EpCAM (MACS) and OptiPrep density
gradient to isolate exosomes from a plasma sample. These are compared in terms of purity, exosome yield, ease of use, approximate
isolation time, approximate hands-on time and approximate cost per sample. * =low, ** =moderate, *** =high, **** =very high.
The relative assessment of procedures for exosome purity, yield, ease of use, isolation time, hands-on time and cost are adapted from

Van Deun et al. (22).
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The search for a more robust, quick and clinically feasible
exosome isolation method has led to the development of
novel strategies. Size exclusion chromatography (SEC) has
been frequently employed for general EV isolation, but has
also more recently been used as another method specifically
for exosome isolation (26-28). These latter studies have
shown SEC to be a simple and low-cost method that can
reproducibly isolate exosomes within 20—-30 min (26,27). In
comparison with UC, these isolated exosomes contain less
contaminant plasma proteins. Furthermore, whereas UC
and DGC can damage exosomes, exosomes isolated by SEC
are morphologically intact and functional (26). SEC is a
viable option for isolating exosomes, but it is important to
point out that although isolates are within the correct size
category for exosomes and western blotting has confirmed
the presence of exosomal markers, further investigations are
needed to fully characterise the level of purity of these
exosomes due to concerns of co-isolation with lipoproteins
and other EVs (28).

Another promising method for the isolation of exo-
somes involves the use of microfluidic technology.
Microfluidic immunoisolation and analysis involve the
infusion of serum through an inlet into microchambers,
which contain antibodies against exosome-specific mar-
kers (such as abundantly expressed CD63) and analytical
reagents (29). This is a rapid ( ~ 100 min), readily scalable
technique that employs much smaller samples than other
approaches ( ~1/100 the amounts used in conventional
methods) (30). Its one-step isolation system eliminates
multiple preparation steps, saving time and reagent costs
(31). The potential for high specificity for exosome
isolation will also enable the selection of subpopulations
of exosomes by targeting both exosomal markers and
tumour-associated markers (such as EpCAM, ao-IGF-
IR and CA125) (30). A key limitation of this feature,
however, is that like other immunoisolation methods, it
focuses only on the exosomes that express the target
surface marker and will therefore fail to identify other
subpopulations of exosomes.

An alternative microfluidic technique involves trapping
exosomes through microporous silicon nanowires (32).
This technique has been shown to selectively trap “exosome-
like” vesicles based on size, although no further analysis to
confirm exosome identity has been undertaken. This
method is prone to saturation at greater sample volumes
and is slower than immunological isolation as it is
necessary to dissolve the silicon nanowire overnight to
collect isolate.

An important benefit of microfluidic techniques is
the ability to combine exosome extraction with analysis,
further optimising its use in a clinical setting. For instance,
Kanwar et al. integrated immunocapture with the fluor-
escent staining of exosomes in a single device, allowing
simultaneous exosome isolation and quantification (29).
Similarly, Im et al. developed a nano-plasmonic exosome

sensor, enabling label-free detection of immune-captured
exosomes in real time (33).

Current miRNA measuring techniques also suffer
from problems that limit their clinical effectiveness. Two
commonly used methods for measuring ex-miRNA in
research are microarray and reverse transcription poly-
merase chain reaction (RT-PCR). Microarray offers
genome-wide expression profiles of miRNA (34), facil-
itating the detection of a large number of aberrant
miRNAs. However, there is difficulty developing probes
for some miRNAs, and the same hybridisation conditions
do not work for all molecules. Compared to RT-PCR,
microarray has higher specificity but a lower sensitivity
(35). Despite similar accuracy, microarray has been
shown to be unsuitable for quantifying low levels of
miRNAs and thus would require larger sample sizes for
quantification (35). However, RT-PCR requires a suitable
“housekeeping” miRNA control, which is often not
reliable. A frequently used control is miR-16 (36), but it
is dysregulated in myeloma (37) and rheumatoid arthritis
(38). Absolute gPCR overcomes this issue, although a
standard calibration curve for specific miRNAs always
needs to be constructed and consistently high-quality
exosome preparations are needed (39).

The accuracy of these methods could be limited further
by the presence of exosomal mRNA (40) and pre-
miRNAs (41) that may also be measured within isolated
exosomes. Additionally, miRNAs have been identified to
exhibit “isomiRs” (sequence heterogeneity at the 3’ and
5’ ends) that may further complicate measurements,
particularly for qPCR-based methods (42). A more
recently adopted method for measuring expression pro-
files of miRNA is next-generation sequencing, a powerful
approach that may prove useful clinically. This method
enables accurate genome-wide quantification of miRNAs
and can distinguish between miRNAs that differ by even
1 nucleotide. Since no primers or probes are required, it
can detect novel miRNAs. Nevertheless, data analysis
and sample preparation are labour intensive and require
personnel expertise (43,44).

Ex-miRNA profiles

Tumour-derived cellular miR NAs exhibit different expres-
sion patterns in comparison with non-tumour cells of the
same cell type (7). Similarly, ex-miRNA in bodily fluids
have been shown to exhibit significantly differing expres-
sion profiles in comparison with normal control patients
(Table I). Through profiling of this abnormal expression in
cancers, signature ex-miRNAs in bodily fluids can be used
for the detection of early-stage cancers (8). Although it
has been shown that some miRNAs are selectively loaded
or retained in exosomes, there often is little difference
between the cellular miRNA expression profile of tumour
cells and the expression profile of their secreted exosomes;
therefore, exosomal profiles are potentially suitable as a
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Table I. Dysregulated exosomal miRNAs in cancer

Exosomal miRNAs as cancer biomarkers

Cancer type Clinical samples

Isolation and quantification Dysregulated ex-miRNAs
method Fold increase (1)/decrease ()

Ovarian cancer (8) Serum samples from patients with
malignant ovarian cancer (n =50)
compared to patients with benign

ovarian cancer (n =10)

Lung adenocarcinoma Plasma from patients with lung
(45) adenocarcinoma (n =27) compared
to plasma from normal controls (n =9)

Nasopharyngeal

carcinoma (71) compared to healthy controls (n =10)

Breast cancer (49)

Oesophageal
squamous cell
carcinoma (OSCC)
(50,61) and hernia (n =41)

Serum samples from OSCC patients

Serum samples from NPC patients (n =83)

Serum samples from breast cancer patients
(n=168) and benign breast cancer patients
(n=19) compared to healthy controls (n =28)
Serum samples from OSCC patients (n =51)
compared to patients with benign diseases
such as asymptomatic cholecystolithiasis

1. Magnetic-activated cell miR-21 (31), miR-141 (31),
sorting using anti-EpCAM  miR-200a (3 1), miR-200c (2.51),
2. Microarray miR-203 (21), miR-205 (3.51) and
miR-214 (51)
miR-17-3p (1), miR-21 (1),
chromatography and miR-106a (1), miR-146 (1),
magnetic-activated cell miR-155 (1), miR-191 (1),
sorting using anti-EpCAM  miR-192 (1), miR-203 (1),
2. Microarray miR-205 (1), miR-210 (1), miR-
212 (1) and miR-214 (1)
miR-24-3p (21), miR-891a (21),
miR-106a-5p (31), miR-20a-5p
(317) and miR-1908 (31)
miR-101 (1), miR-372 (1) and

1. Size exclusion

1. Ultracentrifugation
2. Microarray

1. ExoQuick exosome

precipitation miR-373 (1)
2. RT-PCR
1. ExoQuick exosome miR-21 (>21)

precipitation
2. RT-PCR

1. Ultracentrifugation miR-1246 (>21)

(n=101) compared to normal controls (n =46) 2. RT-gPCR

Human OSCC cell lines compared to
human fibroblast cell lines

Pancreatic cancer (51) Serum samples from pancreatic cancer

patients (n =22), benign pancreatic cancer
patients (n =6) and ampullary carcinoma

patients (n =7) compared to healthy
controls (n =8)

Brain metastatic Brain metastatic melanoma and breast

melanoma and breast  cancer cell lines compared to non-brain
metastatic cell lines
Docetaxel resistant compared to

non-resistant prostate cancer cell lines

cancer (52)
Docetaxel-resistant
prostate cancer (59)

1. Ultracentrifugation
2. RT-PCR

miR-21 (61) and miR-17-5p (31)

1. ExoQuick exosome miR-210 (31), miR-19a (2.5 ) and

precipitation miR-29¢ (2 )

2. RT-PCR

1. Ultracentrifugation miR-598 (2]), miR-148a (2.4 ),
2. RT-PCR miR-34a (11]) and miR-146a (31)

Fold changes in miRNAs are included in right-hand column where known.

surrogate for tumour biopsy (8,45). In addition, exosomes
contain tissue-specific membrane protein markers that can
also aid in detecting tumour origin: for example, prostate
cancer-derived exosomes obtained in urine display-specific
molecular markers such as PCA-3 or TMPRSS?2 (46).
Ex-miRNA may give an insight into the classification or
subtype of the tumour. Breast cancer, for instance, is a
highly heterogeneous disease with phenotypically different
tumour subtypes (47). Expression profiling showed that a
number of miRNAs are associated with molecular sub-
types of breast cancer (48). Although these are cellular
miRNA profiles, since secreted exosomes often reflect
the miRNA expression profile of the cell of origin,

ex-miRNA may also have similar profiles that reflect
breast cancer subtype. Indeed, analysis of exosomal miR-
373 showed elevated serum levels in oestrogen receptor-
negative and progesterone receptor-negative, compared to
receptor-positive breast cancers (49).

Further, ex-miRNAs have been shown to indicate
tumour severity, progression and aggressiveness. Serum-
derived exosomal miR-21 was significantly increased in
oesophageal squamous cell carcinoma (OSCC) patients
and correlated with advanced tumour classification,
positive lymph node status and the presence of metastasis
with inflammation (50). miR-21 is not specific to OSCC
and, therefore, could also be a progression biomarker in
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other cancers including lung, ovarian and pancreatic
tumours. However, in spite of an elevated serum exosomal
miR-21 level in pancreatic adenocarcinoma, there was
no significant correlation with tumour stage. Instead,
miR-17-5p was shown to correlate with metastasis and
advanced cancer stage (51). Identifying ex-miRNAs that
associate with distinct metastasis sites could provide an
additional diagnostic tool for clinicians to evaluate disease
stage and monitor progression. Ex-miRNA derived from
brain metastatic breast cancer and melanoma cell lines
shared anupregulation in miRNA-210 and downregulated
miR-19a and miR-29¢ in comparison with non-brain
metastatic breast cancer and melanoma cell lines (52).
This may represent a profile for metastasis to the brain or
could simply represent a common marker for metastasis.

It is important to consider the possible influence cancer
treatment could have on ex-miRNA profiles. Although
some reports have shown changes in miRNA profiles in
response to surgery and chemotherapy (53,54), these
studies often involve circulating miRNAs and there are
few studies that look specifically at ex-miRNA profiles.
In breast cancer patients, neoadjuvant therapy was shown
to result in a greater than 2-fold increase in circulating
miR-503. The source of this increase was postulated to
be endothelial cells, as exosomal miR-503 isolated from
human umbilical vein endothelial cells increased 3- and 4-
fold in the presence of epirubicin and paclitaxel, respec-
tively, compared to controls (55). These data highlight the
important issue that circulating miRNA changes might
partly originate from normal tissues in response to cellular
stress induced by cancer therapy.

Not all studies have demonstrated significant ex-
miRNA profile changes in response to cancer therapy:
ex-miRNA levels from acute myeloid leukaemia cell
lines have been shown to be resistant to cytarabine and
quizartinib, with only minor changes observed (56). More-
over, in glioblastoma cell lines, radiation-induced exo-
somes showed little change in their miRNA composition
(57). These findings suggest that some ex-miRNAs could
be used as general biomarkers for cancer, whilst others
might be reporters for the effectiveness of therapies.

It has been reported that the number of detected
exosomes correlates with the size of the tumour (58).
This, however, should be considered in the context of (a)
the incomplete and sometimes inconsistent exosome
recovery that current isolation techniques provide and
(b) the limitations of exosome enumeration techniques
(which often do not discriminate between vesicular and
non-vesicular events), leading to low accuracy of quanti-
fication. Nevertheless, in the future, this may prove useful
as one measure for determining the clinical efficacy of
a particular treatment. More important, there is a possi-
bility that detection of specific ex-miRNAs could predict
drug efficacy and resistance (a major obstacle to successful
cancer treatment). For example, reduced expression

of exosomal miR-34a was shown to be a predictive marker
of docetaxel resistance in castration-resistant prostate
cancer (59).

The varied range of information that might be gained
from ex-miRNA, such as progression of a tumour, detec-
tion of metastasis and possible drug resistance, could be
used to influence clinical decisions and treatment strate-
gies, thus facilitating optimised treatments tailored to meet
the needs of the patient. These data could also be of
prognostic value. In fact, studies have shown a correlation
between specific ex-miRNAs and overall survival in
castration-resistant prostate cancer (miR-1290 and
mir-375) (60), OSCC (miR-1246) (61) and ovarian cancer
(miR-21) (8).

However, due to the heterogeneity of methodologies
used to isolate and quantify ex-miRNA, current data
are not comparable, making it difficult to assess their
clinical suitability at present. It has been shown that there
can be differences in results obtained from different
isolation (22,25) and quantification methods (35), even
from different vendors of the same platform. Therefore,
although experimental evidence suggests ex-miRNA
has potential as a diagnostic marker for clinical use,
ex-miRNA profiles must be characterised in patients using
the same standard procedure. This procedure should be
simple, reproducible and permit relatively pure exosome
recovery from large numbers of human specimens.

Roles of ex-miRNAs in cancer

The presence of distinct ex-miRNAs in the circulation
may have functional importance. When first discovered,
exosomes were believed to be involved in the disposal
of cellular “trash’ (62). The observation that cell lines
release tumour suppressor miRNA via exosomes (63,64)
prompted the notion that ex-miRNA could be a mechan-
ism by which tumour cells reduce intracellular concentra-
tions of tumour suppressor miRINA to maintain oncogenesis.
Consistent with this idea, Rab27 siRNA knockdown in
bladder cancer cells caused a reduced exosomal export of
tumour suppressor miR-23b and a rise in intracellular
miR-23b, corresponding to attenuated cell invasiveness,
an effect that was reversed by miR-23b inhibition. In spite
of this, the demonstration that exosomes can activate
tumour-related pathways (Fig. 3) and the observation
that miRNA can be transferred via exosomes to other
cells (5) suggest that ex-miRNAs are also a means of
communication. If so, ex-miRNA could provide a novel
therapeutic target.

It is important to mention that miRNAs are likely
to be at low levels in exosomes. Even the most abundant
ex-miRNAs were measured on average at less than one
copy per exosome in one study (65). Thus far, there is
limited knowledge about the biology of ex-miRNA, and
it is important that similar studies are performed to
determine whether this is a general phenomenon.
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Fig. 3. Role of exosomes in tumour-related pathways. Through the transfer of oncogenic signals, exosomes promote tumorigenesis
through interaction with local and distant cells. The intra-tumour transfer of exosomes can facilitate growth and invasiveness, as well as
confer chemoresistance. The exosome-mediated activation of fibroblasts facilitates the remodelling of the microenvironment and
angiogenesis to enhance growth and invasion of cancer. The direct transfer of tumour-derived exosomes to vascular endothelial cells can
promote angiogenesis. Tumour-derived exosomes can also modulate immune function to increase activity of tumour-promoting
immune cells and suppress anti-tumour cells. The activation of these and other pathways in distant sites generates a pre-metastatic niche

that facilitates metastasis.

However, it has been proposed that there could be
miRNA-enriched subtypes of exosomes, or specific
targeting of exosomes and fast uptake by target cells
that enables low concentrations of miRNA to accumulate
at functionally significant amounts locally. Furthermore,
in addition to their role in translational repression,
miRNAs act via other non-conventional mechanisms,
including Toll-like receptor binding (66) and the possible
effects on epigenetic regulation (67), which are thought to
require lower concentrations of miRNA.

Tumours often consist of a heterogeneous population of
cells with varying proliferative, invasive and metastatic
potential. Thus, through the intra-tumour transfer of ex-
miRNA, tumour cells could co-operate to drive cancer
progression. Exosomal miR-10b is upregulated in breast
cancer. The transfer of miR-10b, through the co-culture
of these isolated exosomes with non-metastatic human
breast cancer cells, promotes invasive capacity through
targeting mRNAs for tumour suppressors KLF-4 and
HOXD10 (68). In another study, metastatic breast cancer
and melanoma-derived exosomes were identified to

contain increased oncogenic miR-210 and reduced levels
of multiple tumour suppressor miRNAs, such as miR-29c,
compared to non-metastatic cell lines. The uptake of these
exosomes by non-metastatic breast cancer and melanoma
cells resulted in an increase in invasive capacity (52).
Isolated exosomes from docetaxel-resistant breast cancer
cells contain several upregulated miRNAs, and co-culture
was shown to reduce chemosensitivity in non-resistant
breast cancer cell lines (59). Thus, as well as metastatic and
invasive capabilities, tumour cells can also transfer survival
adaptation properties through ex-miRNA.

Ex-miRNA can be received by stromal cells in the local
microenvironment or at distant sites to promote survival
and generate pro-metastatic niches for colonisation. miR-
92a and miR-135b target anti-angiogenic mRNAs, encod-
ing the integrin subunit a5 (69) and factor-inhibiting
hypoxia-inducible factor 1 (FIH-1) (70), respectively. The
exosomal transfer of these miRNAs to human umbilical
vein endothelial cells enhances migration and tube forma-
tion. In addition to angiogenesis, ex-miRNA has been
shown to modulate immune function, promoting immune
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evasion and cancer progression. Nasopharyngeal carcino-
ma cells release exosomes that are upregulated in several
miRNAs compared to normal cells, including miR-24-3p,
miR-891a, miR-106a-5p, miR-20a-5p and miR-1908. The
transfer to T-cells leads to a downregulation of the MAPK
and JAK/STAT signalling pathways and an impairment of
T-cell function by inhibiting T-cell proliferation and Thl
and T17 differentiation, whilst promoting Treg differentia-
tion (71). Although the primary mechanism by which
miRNAs exert their effects are through post-transcriptional
repression, miR-21 and 29a transferred via exosomes to
macrophages at the tumour-stromal interface can bind to
TLRS8 to trigger inflammatory responses that promote
tumour growth and metastasis (66).

As well as receiving ex-miRNA, there is evidence
that stromal cells also release exosomes that promote
tumour progression and metastasis. Phosphatase and
tensin homologue (PTEN) is a tumour suppressor whose
miRNA-induced suppression has been demonstrated to
prime brain metastasis after tumour cell extravasation
(72). The co-culture of tumour cells with astrocytes led to a
reduction in PTEN expression, which was rescued by
mutating PTEN’s miR-19a-binding site (72), suggesting a
role for astrocyte-derived miR-19a in reducing tumour
suppressor PTEN expression. In agreement, isolated
astrocyte exosomes were confirmed to express miR-19a,
and treating tumour cells with these exosomes led to a
dose-dependent increase in miR-19a and a subsequent
decrease of PTEN mRNA. Additionally, the blockade of
astrocyte exosome secretion, using siRNA targeting
Rab27a, led to a restoration of PTEN mRNA levels in
tumour cells (72). Together, these data show that miR-19a-
containing exosomes released by astrocytes downregulate
the PTEN expression in tumour cells.

Many of the experiments described above used exosome
isolation methods that are known to have limitations.
UC or ExoQuick isolation methods were predominantly
used, and despite verification of the exosome presence
using specific markers, it is unlikely that all EVs collected
are exosomes. Furthermore, exosomes are known to
contain a variety of signalling RNAs, lipids and proteins
that could be causing the effects observed. These issues
were addressed by Kosaka et al. (73), through the knock-
down of nSMase?2 (required for the synthesis of ceramide),
which impairs exosome release and miRNA transfer,
eliminating the metastatic breast cancer-derived exosomes
containing proangiogenic miR-210. Although this treat-
ment presumably has several other cell biological effects,
it blocked the in vitro and in vivo induction of angio-
genesis and metastasis (73). To show more directly that
this miRNA contributes to angiogenesis, breast cancer
cell lines were generated overexpressing miR-210, which
release exosomes containing high levels of miR-210.
miR-210-enriched exosomes significantly enhanced an-
giogenesis and partially overcame angiogenic inhibition

in recipient endothelial cells transfected with anti-
miR-210. This overexpression, however, could have had
effects on exosomes other than simply promoting miR-
210 loading.

Linking to the issue of low ex-miRNA concentration,
another criticism is that experiments using isolated exosome
preparations may not be physiologically relevant. Most
reported studies involve the addition of purified exosomes
to cultured cells. Thus, ex-miRNAs are unlikely to be at
physiological concentration. Nevertheless, co-culture of
IL4-activated macrophages with breast cancer cells, at a
cell number ratio similar to that observed in samples of
breast cancer patients, has been shown to promote an
increase in miR-223 uptake and the invasiveness of breast
cancer cells through the Mef2c-B-catenin pathway (74). This
was also observed when breast cancer cells were cultured
with isolated exosomes. To verify that these observations
were mediated by exosomal miR-223, in both experiments,
the effects were reversed by anti-miR-223 transfection into
recipient tumour cells (74). Thus, despite low enrichment,
there is evidence that ex-miRNAs can still have an effect,
even at physiological concentrations, although one must
recognise the in vitro nature of all these experiments.

In an attempt to overcome this issue, studies have
utilised a murine Cre-lox-based recombination system to
trace tumour—tumour and tumour—stromal EV transfer
in vivo. Myeloid-derived suppressor cells were observed to
take up EVs containing Cre mRNA, which led to changes
in their immunosuppressive phenotype and miRNA
profiles (75), whilst tumour cells that took up EVs were
shown to have enhanced migratory and metastatic
behaviour (76). Although these studies were not focused
on miRNA transfer via exosomes, future studies may be
able to adopt a similar method to allow in vivo tracking of
exosome targeting, so that the effects of ex-miRNA can
be monitored specifically in target cells.

The evidence and discussion above shows that onco-
genic ex-miRNAs could function in the progression of
tumorigenesis and may provide a novel target for therapy.
One possible treatment strategy is therapeutic haemofil-
tration to deplete circulating exosomes (77). Alterna-
tively, drugs could be used to target aspects of exosome
biogenesis, such as ESCRT-dependent (78), ceramide-
dependent (79) or Rab27-dependent (80) pathways (Fig. 1).
Proteins involved in miRNA sorting or loading, such as
heterogeneous nuclear ribonucleoprotein A2B1 (81) or
proteins in the RISC complex (82), could be targeted.
These approaches, however, would have a low selectivity
of inhibition, affecting both tumour and non-tumour ex-
miRNA, and thus interfering with ex-miRNA’s normal
physiological functions (6,83). Furthermore, modulating
the activities of molecules like Rabs and ESCRTs, that
have key roles in multiple cell biological events, is very
likely to affect processes other than ex-miRNA secretion.
Whilst the pathways for exosome biogenesis and loading
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are yet to be fully elucidated, further research may
reveal altered exosome biosynthetic pathways in tumour
cells, providing tumour-specific targets to block altered
loading and increased exosome release. Last, cytosolic
oncogenic miRNA could be targeted through the delivery
of anti-miRNA oligonucleotides to cells, although there
remains a risk of other adverse effects since a single
miRNA can influence multiple pathways.

Conclusion

In summary, exosomes are efficient and stable transporters
of miRNA present in bodily fluids. Furthermore, there
are distinct differences in ex-miRNA expression patterns
in tumour cells, compared to their normal counterparts.
Variations in profiles have also been shown to correlate
with tumour characteristics, such as invasiveness, metas-
tasis and chemoresistance. However, data on these cancer
ex-miRNA profiles are incomplete. Although advances
have been made in ex-miRNA detection methods, for
the profiling of miRNA signatures and detection in
patients, there remains a need for a rapid and inexpensive
standard procedure that generates an effective, pure isolation
of exosomes and accurate genome-wide quantification.

In addition, miRNAs are key regulators of gene
expression, and consequently, it appears that ex-miRNAs
can have a dual role in cancer. On one side, the exosomal
transfer of miRNA can alter the behaviour of the
recipient tumour or stromal cells, facilitating progression
and metastasis. On the other, exosomes provide a path-
way to limit the intracellular abundance of tumour
suppressor miRNAs, maintaining tumour oncogenesis.
Current targets for exosome biogenesis and loading are
not specific to tumour cells and would interfere with the
normal physiological function of exosomes. An increased
understanding of the mechanism of exosome loading and
biogenesis may reveal altered pathways in tumour cells,
which could be targeted. The use of anti-miRs is another
strategy, but pathways by which miRNAs exert their
functions must be characterised to minimise the risk of
off-target effects.

Thus, with standardised procedures and complete
profiling, ex-miRNA could become a novel cancer
diagnostic marker. However, its use as a therapeutic
target, although a possibility in the future, is a more
difficult task hampered by the limited understanding of
ex-miRNA biogenesis, loading and mechanism of action.
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