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Abstract

Mature microRNAs (miRNAs) are 18–24-nucleotide non-coding RNAs with post-transcriptional regulatory functions and
have been documented as an essential cornerstone of the genetic system. Although the traditional idea suggests that
RNA molecules cannot be stable in extracellular environments due to ubiquitous ribonuclease, miRNA has now been
verified as circulating in various body fluids in a stable, cell-free form. By associating with microvesicles (MVs)
or RNA-binding proteins, extracellular miRNAs can be actively secreted and transferred into recipient cells,
where they regulate target genes. Importantly, extracellular miRNAs have been demonstrated as participating
in various physiological and pathological processes in bodies and have significant roles in fetal-maternal
crosstalk and cross-kingdom regulation. Furthermore, the abnormal expression of extracellular miRNAs has
been shown to be associated with many diseases, making extracellular miRNAs promising novel noninvasive
diagnostic markers. In this review, we summarize the recent literature on the biogenesis, delivery and uptake
of extracellular miRNAs, elaborate on the regulating function of extracellular miRNAs between different cells
and between individuals and highlight their therapeutic potential in clinical applications.
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Introduction
MicroRNAs (miRNAs) are small non-coding RNA
fragments with 18–24 nucleotides in length, which can
influence gene expression via post-transcriptional regu-
lation [1–3]. Since their first discovery in Caenorbabditis
elegans in the early 1990s [4], thousands of miRNAs
have been reported in a variety of organisms, from
single-cell algae to humans [1–3]. In recent years, in-
creasing numbers of studies suggest that miRNAs have a
high evolutionary conservation in different species, and
can function as ancient and crucial cellular regulatory
elements [1–3]. According to the prediction made by
bioinformatics, more than half of the human protein-
coding genes are expected to be controlled by miRNAs
[5]. These small RNA fragments will introduce a new
layer of gene regulation in eukaryotes.
The canonical miRNA biogenesis pathway in cells has

been well established [1–3]. Most miRNAs are processed
from primary miRNA transcripts (pri-miRNA), which

are > 200 nucleotides in length and are synthesized by
RNA polymerase II. Pri-miRNAs are then processed in
two steps. Two members of the RNase III family of en-
zymes, Drosha and Dicer, catalyze the two processes.
The Drosha-DGCR8 complex first cleaves pri-miRNAs
into ~ 70-nucleotide hairpin intermediates called miRNA
precursors (pre-miRNA), which then are exported from
the nucleus to the cytoplasm by exportin-5. In the
cytoplasm, Dicer cuts the exported pre-miRNAs into ~
22-nucleotide miRNA/miRNA* duplexes. Finally, the
guide strand of the duplex is incorporated into the
RNA-induced silencing complex (RISC), while the
miRNA* strand is released and degraded. As an import-
ant molecule in RNA interference, miRNAs can target
the 3′ untranslated regions (3′ UTRs) of message RNAs
(mRNAs) and induce mRNA degradation or transla-
tional inhibition, therefore suppressing protein synthesis
and gene expression [1–3]. MiRNAs play critical roles in
various kinds of biological processes, such as cellular de-
velopment and differentiation, metabolism, proliferation,
migration and apoptosis via this post-transcriptional
regulation mechanism [1–3], and their altered expres-
sion is associated with many human pathologies [6–8].
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In addition to playing a regulatory role within the
cells, studies show that miRNAs can present in the
plasma and serum samples in a remarkably stable
form [9, 10]. Furthermore, in other body fluids, such
as saliva [11], urine [12], milk [13] and cell culture
supernatants [14, 15], stable miRNAs have also been
detected. These results suggest that miRNA can be
stabilized in the extracellular space. More importantly,
like intracellular miRNAs, these extracellular miRNAs
have been found to play a regulatory role during
physiological and pathological processes, and their
expression profiles in body fluids are tightly related to
various pathological conditions [9–12]. These findings
suggest an important role of extracellular miRNAs in
organisms’ activities and demonstrate their potential
as a diagnostic marker of disease. In this review, we
summarize the relevant studies on the origin and
function of extracellular miRNAs and discuss their
biological significance as diagnostic markers and
therapeutic drugs.

The origin of extracellular miRNAs
It has been reported that blood cells and other organs
can contribute to extracellular miRNAs. Pritchard et al.
analyzed 79 solid tumor circulating miRNA biomarkers
reported in the literature and found that 58% of them
were highly expressed in one or more blood cell type.
Moreover, they showed that the plasma miRNA bio-
markers’ levels were tightly correlated with relevant
blood cell counts or hemolysis, suggesting that serum/
plasma miRNAs are mainly derived from blood cells
[16]. Specific tissue-enriched miRNAs, such as liver-
enriched miR-122, muscle-enriched miR-133, heart-
enriched miR-208 and brain-enriched miR-124, have also
been detected in plasma [17–20]. Such miRNAs are
released to the extracellular space via three different
pathways: (1) passive leakage from broken cells caused
by tissue injury, inflammation, cell necrosis or apoptosis.
(2) Active secretion via membrane-enclosed cell frag-
ments called microvesicles (MVs), which include shed-
ding vesicles and exosomes and are released by almost
all cell types under physiological and pathological condi-
tions [21–25]. (3) Active secretion via an MV-free,
RNA-binding protein-dependent pathway. Recent stud-
ies have suggested that many RNA-binding proteins,
including high-density lipoprotein (HDL) [26], Argo-
naute 2 (AGO2) [27, 28] and nucleophosmin 1 (NPM1)
[29], could combine with miRNAs and deliver them
outside of cells. Compared with passive leakage, secret-
ing miRNAs via MVs and HDL-binding is active and
needs energy. The extracellular miRNAs secreted by ac-
tive pathways are thought to play a regulatory role in
biological processes.

The delivery of extracellular miRNAs
Delivery via MVs
It has been shown that lipids, proteins and nucleic acids,
including miRNAs, can be exchanged by MVs, giving
them the ability to target recipient cells [21–25]. The
membrane structure of MVs can protect miRNAs from
degradation by environmental RNases and help them
present stably in the extracellular space [14, 15]. Two
major MVs can package and deliver miRNAs: shedding
vesicles and exosomes. As a heterogeneous population,
shedding vesicles are larger; 100 to 1000 nm in diameter
vesicles are released from the plasma membrane through
outward budding and fission, [21] while exosomes are
30–100 nm in diameter and are released by exocytosis
from multivesicular bodies (MVBs) [22–25]. Evidence
has accumulated that miRNAs can be packaged into
MVs selectively; that is, cells may preferentially select
the particular miRNA populations and sort them into
MVs. For example, as the response to various stimuli,
miR-150 in human blood cells and cultured THP-1 cells
was selectively packaged into MVs and was actively
secreted. [30] Several studies also observed higher levels
of certain miRNAs in exosomes than in donor cells
when the total RNA or protein content was normalized.
[14, 15, 31] Moreover, in 2013, Villarroya-Beltri et al.
demonstrated that T cells preferred to sort several miR-
NAs into exosomes and that this phenomenon was
maintained under resting and activated cellular condi-
tions [32]. Further studies confirmed that a special EXO-
motif GGAG present in miRNAs controlled the loading
of these miRNAs into exosomes. The protein heteroge-
neous nuclear ribonucleoprotein A2B1 (hnRNPA2B1)
could recognize the EXOmotif and specifically bind exo-
somal miRNAs, thus controlling their loading into exo-
somes [32]. Interestingly, sumoylation of hnRNPA2B1 in
exosomes was essential for the binding of hnRNPA2B1
to miRNAs [32].
In recent years, the miRNA secretory mechanism has

been partially revealed. By researching the release of
HEK293 cells-derived exosomal miRNAs, Kosaka et al.
found an actively regulated secretory machinery [33],
which was ceramide-dependent and could induce endo-
some sorting into the exocytic MVBs [34]. A rate-limit-
ing enzyme of ceramide biosynthesis called neutral
sphingomyelinase 2 (nSMase2) acted as the key mol-
ecule in this secretion pathway and regulated the secre-
tion of exosomal miRNAs [33]. It was supposed that
nSMase2 might increase miRNA secretion by increasing
the amount of released exosomes or packaged miRNAs.
However, this exosomal miRNA releasing machinery is
independent of the endosomal sorting complex required
for transport (ESCRT) system [33], which is important
for exosomes being targeted to lysosomes [35, 36]. Taken
together, these results show that a ceramide-dependent,
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ESCRT-independent pathway can regulate the incorpor-
ation of miRNAs into exosomes and their subsequent
release. The mechanism of the secretion of miRNAs via
shedding vesicles still unknown, and how specific
miRNAs reach the vesicle shedding sites at the plasma
membrane also needs further illumination.

Delivery via RNA binding proteins
Recent studies have reported that HDL, which can
deliver excess cellular cholesterol to be returned to the
liver for excretion, can transport endogenous miRNAs
[26, 37]. The exact process of miRNA loading onto HDL
is still unclear, but previous studies showed that small
RNAs could complex with zwitterionic liposomes, spe-
cifically phosphatidylcholine (PC), which are the specific
lipids found on lipoproteins [38]. Vickers et al. suggested
that the connection between extracellular plasma
miRNAs and HDL depended on divalent cation bridging,
leading to a tight association and possibly protecting
miRNAs from external RNases [26]. Strikingly, the
HDL-transporting process is negatively regulated by the
nSMase2-mediated ceramide pathway. In other words,
nSMase2 and the ceramide pathway repress HDL-medi-
ated miRNA exportation [26]. Given that the
nSMase2-regulated ceramide pathway can promote the
release of exosomal miRNAs, [33] these two pathways
for the export of specific miRNAs may be opposing
mechanisms, although both pathways are regulated by
the same molecules.
Several pieces of evidence have shown that most extra-

cellular miRNAs, including MV-encapsulated miRNAs,
are associated with RNA-binding proteins. As important
components of RISC, GW182 and AGO2, which are
required for miRNA function, have been detected as
having significant enrichment in exosomes [30, 39].
Moreover, our findings have demonstrated that MV-en-
capsulated miRNAs could enhance their resistance to
RNaseA by interacting with AGO2. In addition, AGO2
could facilitate the packaging of intracellular miRNAs
into MVs, and MV-loaded AGO2 is key to the function
of secreted miRNAs in recipient cells [40, 41]. All these
results make us realize that the loading of miRNAs into
MVs is controlled by specific proteins of the RISC, and
these MV-encapsulated RISC proteins, particularly
AGO2, may enhance the function of extracellular
miRNAs. Other RNA-binding proteins, such as NPM1,
can bind extracellular miRNAs and protect them from
degradation without MV-packaging [29]. Studies have
demonstrated that large portions of the extracellular miR-
NAs are vesicle-free, protein-binding miRNAs [27, 28].
These miRNAs may be supposed to be by-products of cell
death. Whether they can be delivered into recipient cells
and whether they have any particular biological function
remain unknown.

The uptake of extracellular miRNAs
Our previous study showed that miR-150 in THP-1 cells
can be sorted into MVs and delivered into human
HMEC-1 cells to regulate c-Myb expression, thus enhan-
cing HMEC-1 cell migration [30]. This result suggests
that extracellular MV-encapsulated miRNAs can be
transported into specific recipient cells and play a regu-
latory role. The mechanism by which these miRNAs
complete this process is an important issue for further
research. It is thought that cells can recognize specific
MVs through the recognition of surface molecules and
internalize MVs by phagocytosis, endocytosis, or direct
fusion with the plasma membranes, thus taking up
MV-enclosed extracellular miRNAs.
The HDL-binding miRNAs can also be delivered to re-

cipient cells. The research by Vickers et al. has suggested
that the scavenger receptor BI (SR-BI) is indispensable
for the entrance of miRNAs into recipient cells via HDL
transportation [26]. By means of SR-BI-mediated trans-
fer, HDL-miRNAs may be delivered into the cytoplasm
rather than into lysosomes, which avoids their degradation
and improves their stable existence [26]. Furthermore,
they have found that in recipient cells, the HDL-miRNAs
have increased functional integrity and potential to alter
gene expression [26]. However, a study from Wagner et al.
showed that endothelial cells, which were detected as ex-
pressing the SR-BI receptor [42], internalized HDL-bound
miRNAs inefficiently [37]. In addition to endothelial cells,
smooth muscle cells (SMCs) and peripheral blood
mononuclear cells (PBMCs) also have an inefficient
uptake of HDL-miRNAs, suggesting that the regulat-
ing functions of this HDL-associated pool of miRNAs
in these cells may not be of major importance [37].
Collectively, these results indicate that the questions
of whether HDL-miRNA transfer is ubiquitous in
various cell types need more investigation.

The function of extracellular miRNAs
The widespread presence of extracellular miRNAs and
their stability in circulation suggest a fascinating func-
tion of these cell-derived miRNAs. However, we still
know little about the function of most secreted miRNAs,
particularly MV-free, protein-binding extracellular miR-
NAs. The role of MV-encapsulated miRNAs in regulat-
ing physiological and pathological processes has been
explored and partially uncovered in recent years. That
miRNAs can be transferred via MVs and can subse-
quently play functional roles in recipient cells have been
proven by several groups. These miRNAs appear to be a
novel component for intercellular communication, and
the cross-talk mediated by extracellular miRNAs may
provide a new angle to understand the mechanisms of
dysfunctional conditions.
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Extracellular miRNAs are involved in tumor progression
Many tumors can proactively manipulate their sur-
rounding microenvironment, thus promoting their
survival, growth and invasion. For instance, cancer cells
can convert the surrounding normal cells from their
original homeostatic states into the neoplastic nature of
the tumor through secreted molecules and paracrine
signaling. The communication between cancer cells and
normal cells in microenvironments have been proven
crucial to cancer progression [43]. Recent studies have
discovered that extracellular miRNAs from cancer cells
can target their surroundings and are deeply involved in
tumorigenesis. Umezu et al. showed that exosomal
miR-92a, derived from the leukemia cells K562, trans-
ferred into human umbilical vein endothelial cells
(HUVECs), directly regulated the target gene integrin
α5, leading to enhanced endothelial cell migration and
tube formation [44]. Our research in 2014 also demon-
strated that tumor-secreted miR-214 was sufficiently
delivered into targeted mouse peripheral CD4+ T cells
by MVs and efficiently downregulated phosphatase and
tensin homolog (PTEN), causing the promotion of Treg
expansion [45]. The cancer cell-secreted miR-214-medi-
ated Treg expansion could further suppress the immune
system and enhance tumor implantation/growth in mice.
This phenomenon could be reversed after MV delivery
of anti-miR-214 antisense oligonucleotides (ASOs) to tu-
mors [45]. These results sufficiently suggest that cancer
cells actively package miRNAs into MVs and transfer
them to their surroundings to change tumor-stromal en-
vironments, thus promoting their survival and malig-
nancy. Recently, the mechanisms governing tumor
exosome release were partially uncovered by our group.
We found that pyruvate kinase type M2 (PKM2), an en-
zyme associated with tumor cell reliance on aerobic gly-
colysis, could promote tumor cell exosome release [46].
In detail, PKM2 was upregulated and phosphorylated in
tumors, and the phosphorylated PKM2 served as a pro-
tein kinase to phosphorylate synaptosome-associated
protein 23 (SNAP-23) at Ser95. This in turn enabled the
formation of the soluble N-ethylmaleimide-sensitive fu-
sion factor attachment protein receptor (SNARE) com-
plex to allow the release of exosomes [46]. Collectively,
it has been widely suggested that as the regulators se-
creted actively by tumor cells, tumor-derived extracellu-
lar miRNAs have a significant impact on the
surrounding normal organizations, thus promoting the
development of cancer.

Extracellular miRNAs as potential diagnostic biomarkers
In the field of cancer and other disease diagnosis, extra-
cellular miRNAs have also served as novel biomarkers.
Lawrie et al. first described that miR-155, miR-210 and
miR-21 had the potential to be non-invasive diagnostic

markers for diffuse large B-cell lymphoma (DLBCL). In
addition, they observed that miR-21 expression in serum
was associated with relapse-free survival in DLBCL
patients [47]. A series of follow-up studies supported
Lawrie’s opinion and found that extracellular miRNAs
could be clinical biomarkers for the diagnosis and prog-
nosis of many diseases, including cancers [9–12], dia-
betes [10] and viral infections [48, 49]. Compared to
other traditional biomarkers, extracellular miRNAs have
four major advantages: (1) Extracellular miRNAs can be
stable in RNase-enriched human body fluids. (2) The
sampling process is non-invasive and does not require
tissue samples. (3) Many detection methods, such as
qRT-PCR, deep sequencing and microarray, can easily
detect extracellular miRNAs in a quantitative manner.
(4) The changes in extracellular miRNA profiles are
sensitive to the development of the disease, especially at
an early stage. However, the precise analysis of extracel-
lular miRNAs still requires consideration of many
critical influenced preanalytical and analytical variables.
Sample collection, RNA extraction and detection pro-
cesses also need further exploration and normalization.
Taken together, the road to transform extracellular
miRNAs research achievements to clinical applications
is still long.

Extracellular miRNAs as therapeutic drugs
MiRNAs and siRNAs can target specific genes and
regulate protein expression levels. Thus, by modulating
abnormally expressed disease genes, these RNA mole-
cules seem to show excellent potential as therapeutics
for various diseases [50, 51]. The key to the successful
application of small RNAs in clinical practice is their
efficient delivery [50, 51]. Traditional small RNA delivery
vehicles using viruses and liposomes have high toxicity
and low efficiency due to rejection reactions. In contrast,
as membranous vesicles secreted by almost all cell types,
MVs can naturally fuse with plasma membranes and
transfer packaged functional small RNAs into cells in a
way that is better tolerated by the immune system.
Therefore, MVs may become a potentially delivery
vehicle with low toxicity and high efficiency for drug
RNAs. There is some evidence showing that MVs can
deliver drug siRNAs to specific target cells for thera-
peutic effects. Alvarez-Erviti et al. prepared exosomes
from dendritic cells (DCs), which expressed the fusion
of an exosomal membrane protein Lamp2b and the
neuron-specific rabies viral glycoprotein (RVG) peptide
and intravenously injected these siRNA-loaded exo-
somes into mice [52]. They found that the packaged
siRNA in these RVG-targeted exosomes could be direc-
tionally delivered to neurons, oligodendrocytes and
microglia in mouse brains, leading to a specific gene
knockdown [52]. Moreover, they loaded the siRNA of
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BACE1, a therapeutic target in Alzheimer’s disease into
the RVG-targeted exosomes and delivered them into
wild-type mice via intravenous injection. The results
showed a significant mRNA and protein downregulation
of BACE1 in mice brains, suggesting the therapeutic po-
tential of this exosome-mediated siRNA delivery system
[52]. In addition, our group prepared another exosome
loaded with opioid receptor mu (MOR) siRNA using
similar exosomes with RVG and found that these
exosomes could efficiently deliver the siRNA to the
mouse brain, significantly reducing MOR mRNA and
protein levels and strongly inhibiting morphine relapse
in mice [53]. Interestingly, we demonstrated that the
drug MOR siRNAs were also associated with AGO2 in
RVG exosomes [53]. Taken together, these results note
that exosomes can deliver small RNAs to specific tar-
gets, and this character of exosome-transported RNAs
will open a new avenue for therapeutic applications.

Extracellular miRNAs as a new tool for crosstalk between
mothers and their children
It has been suggested that extracellular miRNAs also
play their regulatory roles between mother and fetus.
Through the research on pregnant mice, we mentioned
that the exogenous miRNAs assimilated by mothers
could be absorbed by the fetus via transplacental trans-
mission, thereby influencing its growth and develop-
ment. We gavage-fed synthetic exogenous influenza
virus miRNAs and honeysuckle (HS) decoction enriched
with exogenous plant MIR2911 to pregnant mice that
had mature placentas (usually pregnant for at least 14
days) and found the significant elevation of these ex-
ogenous miRNAs not only in the maternal plasma, but,
more importantly, in the fetal liver [54]. Measuring the
amount of circulating MIR2911 in MVs compared to
that in MV-free plasma, we then suggested that these
circulating miRNAs were primarily MV-loaded and that
an MV-mediated pathway may affect their transmission
through the placenta [54]. Meanwhile, we similarly fed
the siRNA of alpha-fetoprotein (AFP) to pregnant mice
and found the siRNAs in the fetal liver. Moreover, the
mRNA and protein levels of AFP were dramatically
down-regulated in the fetal mice. The analogical
phenomenon was observed when MV-packaged siRNAs
were injected directly into maternal mice [54]. In this
study, we hypothesized that fetal development during
pregnancy could be influenced by endogenous/exogen-
ous small non-coding RNAs, including miRNAs and siR-
NAs, via their transference through the placenta [54]. In
summary, the investigation of extracellular miRNAs in
pregnancies may suggest another important index asses-
sing fetal development and health status and a poten-
tially effective tool for treating fetal diseases before birth.

The effect of extracellular miRNAs on the communi-
cation between mothers and their children can also be
done by breastfeeding. Kosaka et al. showed the exist-
ence of miRNAs in human milk by performing a miRNA
microarray and analyzed their expression profiles. They
found that several immune-related miRNAs, such as
miR-155 (regulates the innate immune response and T-
and B-cell maturation), miR-125b (suppresses TNF-α
production), miR-223 (important for neutrophil prolifer-
ation and activation) and let-7i (influences the expres-
sion of Toll-like receptor 4 in human cholangiocytes),
were abundant in the milk [13]. Notably, these immune
system-related miRNAs had higher expression in the
first 6 months after delivery, which is the period during
which infants receive only breast milk [13]. Similar
results were demonstrated by our research focused on
bovine colostrum, and we further discovered that extra-
cellular miRNAs may be stabilized in milk by associating
with MVs [55]. In the follow-up study, Liao et al. used a
simulated gastric/pancreatic digestion protocol to per-
form an in vitro digestion of human milk exosomes and
found that the overall miRNA abundance in human milk
exosomes was stable after digestion [56]. Surprisingly, by
nuclear localization, the authors showed that the in vitro
digested human milk exosomes could be internalized by
human intestinal epithelial crypt-like cells (HIEC) [56].
Summarizing all these results, we propose the hypothesis
that extracellular functional miRNAs in breast milk exo-
somes may be transferred from the mother to the infants
through lactation and may be absorbed by infants after
digestion, thus affecting the immune response and
development of the infants.

Extracellular miRNAs as novel nutriments or virulence
factors within the interaction of species
Many species of plants are the main source of nutrition
for animals. Through food intake and digestion, the
various nutrients of the plants, including carbohydrates,
proteins, minerals and vitamins can be absorbed and
transferred into the circulatory systems of the animals.
Large amounts of evidence have demonstrated that miR-
NAs are abundant in plants and are indispensable in
regulating plants’ physiological activities. As an import-
ant part of the plants, whether these functional plants
miRNAs can exist and function in animals after diges-
tion needs to be explored. In 2012, we reported that ex-
ogenous plant miRNAs could be detected in various
animals’ plasma and tissues, where they could regulate
the expression of mammalian target genes [57]. In detail,
we analyzed the global miRNA expression profile in the
serum of healthy Chinese donors and found ~ 30 known
plant miRNAs. Among them, MIR156a and MIR168a
had substantial expression levels. These two plant miR-
NAs were also detected in serum samples from several
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kinds of animals and in organs from mice [57]. Further-
more, we found that MIR156a and MIR168a could resist
digestion and traverse the mouse gastrointestinal (GI)
tract, eventually entering the mouse’s circulatory system
and reaching various organs. The 2′-O-methylation of
the plant miRNAs and the association with MVs may
protect them from degradation during digestion and
enhance their stability in circulation [57]. Further func-
tional studies showed that exogenous plant MIR168a
could combine with the human/mouse low-density

lipoprotein receptor adapter protein 1 (LDLRAP1)
mRNA and repress the expression of LDLRAP1 in the
liver, thus decreasing the removal of low-density lipopro-
tein (LDL) from mouse plasma [57]. Given that the
liver-enriched LDLRAP1 protein could facilitate removal
of LDL from circulation and that MIR168a was
enriched in rice, which is the main source of food for
Chinese people, we suggested that the rice-based daily
diet may influence liver lipid metabolism through the
cross-kingdom regulation between MIR168a and the

Fig. 1 The secretion and uptake processes of extracellular miRNAs. After being transcribed in the nucleus, exported to the cytoplasm and
processed to the mature form, miRNAs can be loaded into the RNA-induced silencing complex (RISC) and then target mRNAs, inducing mRNA
degradation or translational inhibition. They can also be packaged and secreted to the extracellular environment via three ways. (1) Some miRNAs
with specific EXOmotifs can be recognized by sumoylated heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) and, combining
with this protein at these motifs, be incorporated into exosomes. Neutral sphingomyelinase 2 (nSMase2), a rate-limiting enzyme of
ceramide biosynthesis, promotes the secretion of exosomal miRNAs. Additionally, phosphorylated pyruvate kinase type M2 (PKM2) can
phosphorylate synaptosome-associated protein 23 (SNAP-23) to facilitate exosome release. (2) MiRNAs can be loaded into shedding
vesicles and be secreted through blebbing and shedding from the plasma membrane, but the mechanisms are still unknown. Many
microvesicle (MV)-encapsulated miRNAs are associated with RISC proteins such as AGO2, which may increase the resistance of the
miRNAs to RNases and enhance extracellular miRNA function. (3) Conjunction with RNA-binding proteins, such as high-density lipoprotein
(HDL), can stabilize extracellular miRNAs during their exportation. nSMase2 represses cellular export of miRNAs to HDL. Exosomes and
shedding vesicles can be absorbed by recipient cells through endocytosis or direct fusion with the plasma membrane. HDL-associated
miRNAs are taken up by recipient cells through binding to scavenger receptor BI (SR-BI) present at the recipient cellular membrane.
MiRNAs in recipient cells can target mRNAs and regulate protein expression, thus influencing the physiological and pathological processes
of recipient cells
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LDLRAP1 in Chinese people. Similar results have
been detected by a subsequent study focused on
Western donors from Chin et al. [58]. All of these
findings showed that exogenous miRNAs can be as-
similated by the GI tract and can be delivered to
various organs through food intake, digestion and cir-
culation. Like endogenous miRNAs, these exogenous
miRNAs also have bioactivities and regulate the target
genes. The exogenous miRNAs from dietary sources
may become a novel nutrient component, such as
minerals and vitamins.
Recent studies have showed that specific extracellular

miRNAs act as the virulence factors in host-pathogen
interactions during infection. For example, some viruses
can hijack host cells’ MV generation and secretion
pathways to spread their own miRNAs, thus silencing
the expression of immunoregulatory genes in the recipi-
ent cells. Pegtel et al. reported that the first known
miRNA-encoding virus, the Epstein-Barr virus (EBV)
[59], can secrete viral miRNAs from infected B cells
through exosomes [60]. These exosomal viral miRNAs
were then delivered into monocyte-derived dendritic
cells (MoDC) and repressed the immunoregulatory gene
CXCL11/ITAC in a dose-dependent manner. The down-
regulation of CXCL11/ITAC has been detected in pri-
mary EBV-associated lymphomas [60]. The analogical
phenomenon existed in the plant kingdom. A research
from Shahid et al. showed that the parasitic plant
Cuscuta campestris could accumulate high levels of miR-
NAs while parasitizing host plants and deliver them to
host through its haustoria [61]. In host plants, these
parasite-derived miRNAs hijacked the host’s own silen-
cing machinery to produce secondary siRNAs, thereby
remodeling host gene expression to the parasite’s advan-
tage [61]. To sum up all these findings, we suggest that
extracellular miRNAs play indispensable roles in the
host-pathogen interaction during the infection. The
discovery of these miRNAs reveals a new relationship
between hosts and parasites, providing a new approach
for the treatment of infectious diseases.

Conclusions
In this review, we summarize that extracellular miRNAs
are present in various body fluids stably through MV en-
capsulation or by binding with proteins, and they can be
actively secreted and transported and finally can bind to
and regulate target genes in recipient cells (Fig. 1). By
influencing physiological and pathological processes of
target cells, extracellular miRNAs have been widely dem-
onstrated as regulators involved in cell-cell communica-
tion, fetal-maternal crosstalk and even cross-kingdom
regulation. In addition, as diagnostic biomarkers and treat-
ments, the potential clinical applications of extracellular
miRNAs have been investigated.

The current discoveries regarding extracellular
miRNAs are undoubtedly exciting. However, many
unanswered questions still exist in this research field.
For example, although a motif controlling intracellular
miRNAs loaded into exosomes has been detected [32],
the intracellular sorting mechanisms of secreted miR-
NAs still have many unknown factors. Whether there
are other motifs associated with exosome packaging of
miRNAs and how specific miRNAs are sorted and pack-
aged into shedding vesicles or bound with HDL require
extensive exploration. Another question needing to be
answered is how donor cells regulate their secreted
miRNAs to target specific genes, as multiple transcripts
can be combined by one miRNA in recipient cells.
Moreover, differences in measurement methodologies
and random degradation make the accurate quantifica-
tion of exosome-derived miRNAs difficult. Several bar-
riers to the delivery of circulating miRNA antagomirs or
mimics, such as low payload capability, limited tissue
permeability and poor bioavailability, may also influence
the therapeutic effects of extracellular miRNAs. Thus, it
is essential to explore more accurate quantitative
methods and more efficient delivery mechanisms for
extracellular miRNAs in further studies. Nevertheless,
this emerging field may extend our understanding of the
communication between cells and between individuals.
The elucidation of extracellular miRNAs will be of great
significance in helping us better understanding the
biological processes of organisms.
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