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ABSTRACT

A new class of RNA regulatory genes known as
microRNAs (miRNAs) has been found to introduce a
whole new layer of gene regulation in eukaryotes. The
intensive studies of the past several years have demon-
strated that miRNAs are not only found intracellularly, but
are also detectable outside cells, including in various
body fluids (e.g. serum, plasma, saliva, urine and milk).
This phenomenon raises questions about the biological
function of such extracellular miRNAs. Substantial
amounts of extracellular miRNAs are enclosed in small
membranous vesicles (e.g. exosomes, shedding vesicles
and apoptotic bodies) or packaged with RNA-binding
proteins (e.g. high-density lipoprotein, Argonaute 2 and
nucleophosmin 1). These miRNAs may function as
secreted signaling molecules to influence the recipient
cell phenotypes. Furthermore, secreted extracellular
miRNAs may reflect molecular changes in the cells
from which they are derived and can therefore potentially
serve as diagnostic indicators of disease. Several
studies also point to the potential application of siRNA/
miRNA delivery as a new therapeutic strategy for treating
diseases. In this review, we summarize what is known
about the mechanism of miRNA secretion. In addition, we
describe the pathophysiological roles of secreted miR-
NAs and their clinical potential as diagnostic biomarkers
and therapeutic drugs. We believe that miRNA transfer
between cells will have a significant impact on biological
research in the coming years.
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INTRODUCTION

Virtually all organisms disseminate genetic material by
vertical gene transfer in which genetic information is
transmitted from parents to offspring. In contrast, the process
of horizontal gene transfer, also known as lateral gene
transfer, refers to the movement of genetic information across
normal mating barriers between more or less distantly related
organisms (Keeling and Palmer, 2008; Holmgren, 2010;
Dunning Hotopp, 2011). Horizontal gene transfer is an
effective mechanism for the exchange of genetic information
in bacteria, allowing bacterial diversification and facilitating
adaptation to new environments. With the development of
higher eukaryotes, the intercellular exchange of genetic
material is restricted (Keeling and Palmer, 2008; Holmgren,
2010; Dunning Hotopp, 2011). However, recent reports have
described the intriguing idea that the intercellular exchange of
genetic material may still occur in multicellular organisms
through several distinct pathways (Holmgren et al., 1999;
Bergsmedh et al., 2001; Ratajczak et al., 2006; Davis, 2007;
Deregibus et al., 2007; Valadi et al., 2007; Rechavi et al.,
2009; Ahmed and Xiang, 2011). As such, comprehensive
reviews have discussed the potential roles of nanotubes,
exosomes, apoptotic bodies and nucleic acid-binding pep-
tides in the intercellular transfer of genetic information (Belting
and Wittrup, 2008).

The phenomenon of microRNA (miRNA) secretion and its
role in intercellular crosstalk has recently gained increasing
attention. Intensive studies have provided evidence that the
exosomes, shedding vesicles, apoptotic bodies and protein-
miRNA complexes that are released from many cell types can
transfer miRNAs to neighboring or distant cells, playing a
previously unrecognized role in modulating cell functions
(Valadi et al., 2007; Zernecke et al., 2009; Kosaka et al.,
2010a; Wang et al., 2010; Zhang et al., 2010; Arroyo et al.,
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2011; Turchinovich et al., 2011; Vickers et al., 2011). In this
review, we summarize the recent literature on the mechanism
of miRNA secretion and discuss its potential roles in
eukaryotes. We also highlight the potential use of secreted
miRNAs as diagnostic biomarkers and therapeutic drugs in
clinical practice.

INTERCELLULAR TRANSFER OF DNA, mRNA AND
PROTEIN

Several reports support the existence of horizontal DNA
transfer between cells (Holmgren et al., 1999; Bergsmedh et
al., 2001). For example, apoptotic bodies released from tumor
cells can deliver oncogenic DNA and transform non-malig-
nant surrounding cells (Bergsmedh et al., 2001). One of the
first studies to provide evidence for the horizontal transfer of
mRNA between cells was performed by Ratajczak et al., who
found that microvesicles derived from embryonic stem cells
could induce phenotypic changes in hematopoietic progenitor
cells not only by binding to surface-expressed ligands but also
by delivery of specific mMRNAs (Ratajczak et al., 2006). At
least two other cases for mMRNA transfer have been observed.
Endothelial progenitor cell-derived microvesicles can activate
an angiogenic program in endothelial cells by the horizontal
transfer of mRNAs (Deregibus et al., 2007). In addition,
exosomes from mouse mast cells can donate their mRNAs to
human mast cells, leading to expression of new mouse
proteins in human mast cells and suggesting that exosomes
can transfer biological information across species (Valadi et
al., 2007). Finally, intercellular protein exchange has long
been the subject of intensive investigations (Davis, 2007;
Rechavi et al., 2009; Ahmed and Xiang, 2011). Intercellular
protein transfer can occur via the internalization pathway, the
dissociation-associated pathway, exosome uptake and mem-
brane nanotube formation (Davis, 2007; Rechavi et al., 2009;
Ahmed and Xiang, 2011).

MECHANISMS OF INTERCELLULAR TRANSFER
OF miRNAs

Intracellular miRNA

miRNAs are naturally occurring, small, non-coding RNAs of
approximately 22 nucleotides in length (Ambros, 2004; Bartel,
2004; He and Hannon, 2004). Mature miRNAs are generated
from primary miRNA transcripts (pri-miRNAs), which are often
several thousand nucleotides long, by two sequential
cleavages (Lee et al., 2004). The first step of MiRNA cleavage
is catalyzed in the nucleus by the RNase Ill enzyme Drosha to
generate a 70 to 100 nucleotides long hairpin miRNA
precursor (pre-miRNA) with a 2 nucleotide overhang at the
3-end (Lee et al., 2003). Following cleavage, pre-miRNA is
transported from the nucleus to the cytoplasm by an Exportin-
5-dependent mechanism (Lund et al., 2004). Once in the
cytoplasm, pre-miRNA is cleaved by the RNase Ill enzyme

Dicer into ~22 nucleotides long miRNA duplex (Hutvagner et
al., 2001). Next, one strand is selected for incorporation into a
ribonucleoprotein complex called the RNA-induced silencing
complex (RISC) and will function as a mature miRNA. The
key components of RISC are proteins of the Argonaute family,
and Argonaute 2 (AGO2) is thought to play a critical role in
miRNA-mediated mRNA silencing (Khvorova et al., 2003;
Schwarz et al., 2003). Mature miRNA acts as a guide to target
RISC complex to a complementary mRNA sequence which is
inactivated either by cleavage or translational interference,
depending on the degree of complementarity between the
miRNA and its target (Ambros, 2004; Bartel, 2004; He and
Hannon, 2004). In animals, single-stranded miRNA binds
through partial sequence homology to the 3" untranslated
region (3' UTR) of the target mMRNAs and causes either a
translational block or, less frequentlyy, mRNA degradation
(Ambros, 2004; Bartel, 2004; He and Hannon, 2004).

miRNAs comprise one of the most abundant classes of
gene regulatory molecules in diverse organisms and are
estimated to regulate the expression of greater than 60% of all
protein-coding genes. As such, miRNAs play vital roles in all
biological processes, including proliferation, differentiation,
cell growth, cell death, stress resistance and fat metabolism
(Ambros, 2004; Bartel, 2004; He and Hannon, 2004).
Deviations from the normal expression pattern of miRNAs
likely play a role in diseases such as cancer and heart
disease (Calin and Croce, 2006; Esquela-Kerscher and
Slack, 2006; van Rooij and Olson, 2007).

Extracellular miRNA

While the majority of miRNAs are found intracellularly, a
number of miRNAs have recently been detected outside of
cells, including in various body fluids (e.g., serum, plasma,
saliva, urine and milk) (Chen et al., 2008; Lawrie et al., 2008;
Mitchell et al., 2008; Park et al., 2009; Chen et al., 2010;
Hanke et al.,, 2010; Kosaka et al., 2010b). Furthermore,
alterations in the level and composition of these extracellular-
circulating miRNAs are tightly correlated with various health
problems, including cancers (Chen et al., 2008; Lawrie et al.,
2008: Mitchell et al., 2008; Park et al., 2009; Hanke et al.,
2010), diabetes (Chen et al., 2008) and tissue injury (Ji et al.,
2009; Laterza et al., 2009; Wang et al., 2009). These results
firmly establish the quantification of circulating miRNAs as an
extremely promising biomarker to assess and monitor the
body’s pathophysiological status.

Extracellular miRNAs circulate in the body fluids with a high
concentration and sufficient integrity despite high extracel-
lular ribonuclease (RNase) activity, indicating that extracel-
lular miRNAs are likely packaged in some manner to shield
them from digestion. Indeed, naked miRNAs added to plasma
are immediately degraded, whereas circulating miRNAs are
stable for hours under the same conditions (Mitchell et al.,
2008). Further studies have also shown that circulating
miRNAs are protected from and resistant to harsh conditions
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such as extreme temperatures, extreme pHs or freeze-thaw
cycles (Chen et al., 2008). This phenomenon raises intriguing
questions regarding the mechanism of circulating miRNA
stability. Furthermore, the origin of such extracellular miRNAs
also requires exploration. At present, there are at least three
possibilities for the remarkable stability of circulating miRNAs
and their sources: (1) they are passively leaked from broken
cells during tumorigenesis or tissue injury (Chen et al., 2008;
Mitchell et al., 2008); (2) they are packaged in small
membranous vesicles, including exosomes, shedding vesi-
cles and apoptotic bodies, which accounts for the release of
miRNAs into circulation and offers protection against RNase
activity (Valadi et al., 2007; Zernecke et al., 2009; Kosaka et
al., 2010a; Zhang et al., 2010); (3) they are protected by the
formation of a protein-miRNA complex. Some studies have
demonstrated that many extracellular miRNAs are detectable
in conjunction with proteins or lipoproteins, but devoid of
membrane vesicles, suggesting the existence of non-vesicle-
enclosed, RNA-binding protein-associated miRNAs in extra-
cellular fluids, including those bound to AGO2, nucleophos-
min 1 (NPM1), and high-density lipoprotein (HDL) (Wang et
al., 2010; Arroyo et al., 2011; Turchinovich et al., 2011;
Vickers et al., 2011).

Recent studies indicate that miRNAs released from donor
cells that are either enclosed in vesicles (exosomes,
shedding vesicles and apoptotic bodies) or associated with
lipoproteins (HDL) are active and can function as secreted
molecules to influence the recipient’s cell phenotype (Zer-
necke et al., 2009; Kosaka et al., 2010a; Zhang et al., 2010;
Vickers et al.,, 2011). The difference between vesicle-
enclosed and lipoprotein-associated miRNAs is largely
unknown. Their different secretion mechanisms suggest
that they may originate from different cell types and, therefore,
have different fates and functions. For example, miRNAs
detected only in the lipoprotein-associated fractions may be
generated by cells with lipoprotein transport pathways. By
contrast, miRNAs that are predominantly packaged in
vesicles may originate from cell types known to generate
abundant vesicles. However, miRNAs associated with other
types of RNA-binding proteins (e.g., AGO2 and NPM1) may
also be actively released from donor cells and taken up by
recipient cells, although the direct evidence remains elusive.
A model of the miRNA secretion via three different pathways
is summarized in Fig. 1.

Microvesicle-mediated miRNA transfer

Based on size, intracellular origin and release mechanism,
there are two distinct types of microvesicles that can be
secreted by cells: exosomes and shedding vesicles (Théry et
al., 2002; Cocucci et al., 2009; Simons and Raposo, 2009).
Exosomes are small vesicles of approximately 30 to 100 nm
in size that are formed from endosomes (Théry et al., 2002;
Simons and Raposo, 2009). Endosomes, which arise from an
inward budding of the plasma membrane into the cytoplasm,

invaginate to form multivesicular bodies (MVBs) (Théry et al.,
2002; Simons and Raposo, 2009). Exosomes are stored as
intraluminal vesicles in MVBs (Théry et al., 2002; Simons and
Raposo, 2009). The exocytic MVB then fuses with the plasma
membrane, releasing its cargo of exosomes into the extra-
cellular space (Théry et al., 2002; Simons and Raposo, 2009).
By contrast, shedding vesicles are plasma membrane-
derived vesicles that are released into the extracellular
space by outward budding of the plasma membrane (Cocucci
et al., 2009). Shedding vesicles are much larger than
exosomes and are heterogeneous in size, ranging from
100 nm to 1 ym (Cocucci et al., 2009). Their relatively large
size and the presence of specific molecules are often used to
distinguish shedding vesicles from exosomes. The micro-
vesicle population that has been observed in vascular
circulation is a mixture of both shedding vesicles and
exosomes and can be released by many different cell types
(Théry et al., 2002; Cocucci et al., 2009; Simons and Raposo,
2009). Although they were initially considered “cell debris,”
microvesicles have now emerged as important regulators in
cellular crosstalk, influencing diverse biological functions
(Théry et al., 2002; Cocucci et al., 2009; Simons and Raposo,

2009).
Microvesicles can stimulate target cells either via transfer of

genetic materials or by binding to specific surface receptors
(Théry et al., 2002; Cocucci et al., 2009; Simons and Raposo,
2009). Microvesicle-mediated transfer of bioactive proteins,
lipids and mRNAs between cells has also been well
documented (Théry et al., 2002; Cocucci et al., 2009; Simons
and Raposo, 2009). Recent studies have demonstrated that
functional miRNAs are also horizontally transferred via this
mechanism. The presence of a miRNA pool has been
reported in exosomes and shedding vesicles derived from a
variety of sources, including mast cells (Valadi et al., 2007),
blood (Hunter et al., 2008), stem cells (Yuan et al., 2009;
Collino et al., 2010), adipocytes (Ogawa et al., 2010; Mdiller et
al.,, 2011), syncytiotrophoblasts (Luo et al., 2009) and milk
(Hata et al., 2010). Valadi et al. pioneered the description of
the so-called “exosomal shuttle miRNA,” showing that exo-
somes isolated from a mouse mast cell line MC/9, a human
mast cell line HMC-1 and from primary bone marrow-derived
mast cells contain substantial miRNA populations (Valadi et
al., 2007). In a study by Hunter et al., they found significant
differences in the expression levels of miRNAs in plasma
microvesicles compared with that in platelets and peripheral
blood mononuclear cells of healthy donors (Hunter et al,,
2008). Based on this result, they predicted that miRNAs in
plasma microvesicles are important factors in the regulation of
hematopoiesis (Hunter et al., 2008). Yuan et al. demonstrated
that microvesicles derived from embryonic stem cells con-
tained abundant miRNAs that can be transferred to mouse
embryonic fibroblasts in vitro (Yuan et al., 2009). In another
study, Collino et al. demonstrated that microvesicles released
from human bone marrow-derived mesenchymal stem cells
and liver resident stem cells contained miRNAs and that
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A model of the secretion of miRNAs. After being processed to the mature form, some miRNAs can bind to

complementary sequences on target mMRNAs to repress translation or trigger mRNA cleavage. Other miRNAs are packaged and
transported to the extracellular environment via three different pathways: (1) they are enclosed within membranous vesicles,
including exosomes, shedding vesicles and apoptotic bodies; (2) they are associated with lipoproteins, such as HDL; (3) they are
associated with RNA-binding proteins, such as AGO2 and NPM1. AGO2, Argonaute 2; NPM1, nucleophosmin1.

microvesicle-enriched miRNAs were transferred to recipient
cells after microvesicle incorporation (Collino et al., 2010).
These findings raise the intriguing possibility that stem cells
can alter the expression of genes in neighboring cells by
transferring microvesicle-enclosed miRNAs. Ogawa et al.
found that microvesicles secreted by cultured 3T3-L1 adipo-
cytes harbored nearly 140 miRNAs, the majority of which were
adipocyte-specific and abundantly expressed in the donor
adipocytes (Ogawa et al., 2010). In another study, Miller et al.
detected a number of miRNAs in microvesicles released from
primary and differentiated rat adipocytes, as well as in
microvesicles from rat serum (Muller et al., 2011). However,
the biological significance of miRNAs derived from adipocyte
microvesicles remains uncertain at this moment. In a
different system, Luo et al. hypothesized that
syncytiotrophoblasts secrete miRNAs into maternal circulation
via exosomes (Luo et al., 2009). In an attempt to prove this
hypothesis, they isolated exosomes from the villous tropho-
blast model cell line, BeWo. The placenta-specific miRNA

miR-517a was detected in the exosome-enriched fraction (Luo
et al., 2009). This finding suggests that placenta-specific
miRNAs are released extracellularly via exosomes from
chorionic villous trophoblasts into maternal circulation, where
they could target maternal tissues (e.g. maternal endothelium)
during pregnancy. A recent study by Hata et al. showed that
several miRNAs thought to be expressed in either mammary
glands or immune cells were present in milk-derived micro-
vesicles at considerable levels (Hata et al., 2010). When milk
was acidified to mimic its response to gastrointestinal tract
conditions, the abundance and quality of microvesicle-derived
miRNA were largely unaffected (Hata et al., 2010), suggesting
that milk miRNAs could reach innate and acquired immune
cells in gut-associated lymphoid tissues of sucking calves.
Further studies would be required to clarify whether breast
milk miRNAs are biologically functional and contribute to the
development of the infant immune system.

The discovery of extracellular miRNAs secreted via
microvesicles has triggered an explosion of research activity,
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but has left many unanswered questions about how these
molecules are taken up and function in the recipient cell. We
demonstrated for the first time that miRNAs secreted by donor
cells can be delivered into recipient cells and function as
endogenous miRNAs in recipient cells (Zhang et al., 2010).
THP-1 cell-derived microvesicles with abundant miR-150
could be delivered into HMEC-1 cells, resulting in the elevation
of miR-150 levels in HMEC-1 cells (Zhang et al., 2010).
Moreover, we showed that c-Myb, a bona fide target of miR-
150, was suppressed by elevated levels of exogenous miR-
150, which in turn enhanced cell migration in HMEC-1 cells
(Zhang et al., 2010). In addition, increased circulating levels of
miR-150 were detected in patients with severe atherosclero-
sis, and microvesicles isolated from these patients induced a
similar response in endothelial cells (Zhang et al., 2010).
These results support the idea that miRNA crosstalk between
monocytes and endothelial cells may contribute to the
development of disease. Similarly, Kosaka et al. detected
significant downregulation of a miR-146a reporter when COS-
7 cells were incubated with a conditioned medium derived
from miR-146a-overexpressed cells (Kosaka et al., 2010a).
Moreover, they reported that secreted miR-146a, a tumor-
suppressive miRNA, suppressed the expression of its target
gene ROCKT1 in the recipient prostate cancer PC-3M cells,
thereby inducing a phenotypic shift to cell growth inhibition
(Kosaka et al., 2010a).

Taken together, these studies have demonstrated that
microvesicles are not only specifically targeted to recipient
cells to exchange proteins, mRNAs, and lipids, but are also
able to deliver miRNAs that trigger downstream signaling
events. In this pathway, miRNAs are first loaded into small
secretory vesicles inside the cells, and then they enter the
circulation when the microvesicles are secreted. Using the
trafficking system of microvesicles, secreted miRNAs are
delivered into recipient cells, where they function as
endogenous miRNAs. Considering the relative promiscuity
of miRNA species for target mRNA, the impact of micro-
vesicle-mediated transfer of miRNA on the recipient’s
translational machinery may be quite extensive. The micro-
vesicle pathway may therefore constitute a well-designed
mechanism for the local and systemic intercellular transfer of
miRNA information, with a complexity superior to that of direct
cell-to-cell contacts or secreted soluble factors.

Apoptotic body-mediated miRNA transfer

Apoptotic bodies are small membranous vesicles that are
produced from cells undergoing cell death by apoptosis
(Zernecke et al., 2009). Apoptotic endothelial cells at
atherosclerotic plaques release apoptotic bodies into the
circulation, which were implicated in tissue repair and
angiogenesis. Subsequent engulfment of those apoptotic
bodies by phagocytes triggers the secretion of cytokines or
growth factors (Zernecke et al., 2009). Zernecke et al. showed
that endothelial cell-derived apoptotic bodies generated

during atherosclerosis contain a panel of miRNAs. The
most abundant miRNA of these miRNA species, miR-126,
is a key regulator of vascular endothelial growth factor and
fibroblast growth factor signaling in endothelial cells (Zer-
necke et al., 2009). Neighboring vascular cells absorbed
these miR-126-containing apoptotic bodies, resulting in the
inhibition of the known miR-126 target regulator of G protein
signaling 16 (RGS16). Inhibition of RGS16 resulted in the
expression of the anti-inflammatory chemokine CXCR4 and
increased production of the CXC4 ligand CXCL12 (Zernecke
et al., 2009). Because CXCL12 can mediate the recruitment
of progenitor cells from the bone marrow to atherosclerotic
plaques, thereby limiting plaque size, apoptotic bodies
isolated from human patients with atherosclerosis can reduce
the size of plaques in different mouse models of athero-
sclerosis (Zernecke et al., 2009). Thus, this study suggests
that dying endothelial cells send alarm signals in the form of
apoptotic body-packaged miRNAs to neighboring cells
resulting in a healing response that reduces atherosclerosis.

Lipoprotein-mediated miRNA transfer

A second possibility for extracellular miRNA transfer has been
observed when miRNAs are bound to lipoprotein. Recently,
Vickers et al. reported that purified fractions of HDL from
healthy human plasma contain a number of miRNAs (Vickers
etal., 2011). Highly purified HDL that is negative for exosomal
marker proteins is rich in small RNA molecules that are 15 to
30 nucleotides in length but devoid of long mRNAs (Vickers et
al., 2011). Total RNA extracted from HDL and exosomes
isolated from the plasma of healthy individuals revealed that
their miRNA profile is distinct (Vickers et al., 2011). A specific
miRNA signature of HDL-miRNA complexes was identified in
patients with familial hypercholesterolemia, including miR-22,
miR-105, and miR-106a (Vickers et al., 2011). The authors
further showed that direct delivery of miRNAs to recipient
cells can also occur by HDL in a ceramide signaling pathway-
dependent manner (Vickers et al., 2011). Thus, native HDL is
associated with miRNAs in a way that resembles artificial
gene delivery vehicles, acting as a carrier or depot for
circulating miRNAs in plasma and facilitating their transport
and delivery to recipient cells. Finally, the study by
Vickers et al. provides evidence that the miRNAs within HDL
alter the cellular miRNA pool and functionally downregulate
corresponding miRNA targets (Vickers et al., 2011), suggest-
ing that the miRNA content of HDL is biologically relevant.
Collectively, these results indicate that besides its classical
role as a delivery vehicle for excess cellular cholesterol, HDL
may also function as a transporter of endogenous miRNAs.

RNA-binding protein-mediated miRNA transfer
Apart from the studies describing miRNA transfer through

microvesicles and HDL, other reports have shown that a
number of extracellular miRNAs are bound to proteins such
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as AGO2 and NPM1 (Wang et al., 2010; Arroyo et al., 2011;
Turchinovich et al., 2011). For example, Wang et al. reported
that a significant fraction of extracellular miRNAs is packaged
with RNA-binding proteins rather than within shedding
vesicles and exosomes (Wang et al., 2010), suggesting a
protein-mediated process for miRNA package and export.
Indeed, Arroyo et al. observed that the majority of miRNAs in
the circulation are present in a non-vesicle-bound AGO2-
miRNA complex (Arroyo et al., 2011). They speculate that the
differences between vesicle-enclosed and AGO2-associated
miRNAs may originate from different cell types and reflect cell
type-specific miRNA release mechanisms. However, whether
there is a protein carrier-based miRNA traffic system remains
obscure. There is no direct evidence yet that AGO2- or
NPM1-associated miRNAs are actively released from cells,
nor is there evidence of their uptake by recipient cells.

Key regulators of miRNA secretion

Presently, crucial details in our understanding of the
mechanism governing the miRNA sorting and secretion are
still lacking. Experimental evidence suggests that small RNAs
are preferentially encapsulated into microvesicle fractions,
although the underlying mechanism remains unknown. For
instance, the MC/9 exosomes are enriched in small-size
RNAs, but contained few or no ribosomal RNA compared to
the donor cells (Valadi et al., 2007). Skog et al. also revealed
that microvesicles contain a broad range of small RNAs,
including a variety of mRNAs and miRNAs, but lack the
ribosomal RNA peaks characteristic of cellular RNA (Skog et
al., 2008). Additionally, recent studies indicate that specific
miRNA populations are selectively sorted into microvesicles.
We demonstrated that blood cells and cultured THP-1 cells
actively and selectively package miRNAs into microvesicles
and secrete them into the circulation or the culture medium in
response to various stimuli (Kosaka et al., 2010a). By profiling
RNA isolated from exosomes and their donor cells, Valadi et
al. showed that exosomes carry some miRNAs expressed
dominantly or at higher levels in exosomes than in the cells
(Valadi et al., 2007). Mittelbrunn et al. also showed that
certain miRNAs are expressed at higher levels in exosomes
than in the parent cells (Mittelbrunn et al., 2011). A recent
study demonstrated that the release of exosomal miRNAs is
controlled by neutral sphingomyelinase 2 (nSMase2) and
uses the ceramide-dependent secretory machinery (Kosaka
et al, 2010a). The authors demonstrated that ceramide,
whose biosynthesis is tightly controlled by nSMase2, reg-
ulates the secretion of exosomal miRNAs. Overexpression of
nSMase2 increases extracellular amounts of miRNAs
(Kosaka et al., 2010a). By contrast, treatment with a specific
siRNA or a chemical compound, GW4869, which can inhibit
the enzymatic activity of nSMase2, markedly blocks the
secretion of miRNAs as well as exosomes (Kosaka et al.,
2010a). Finally, they provided evidence that the endosomal

sorting complex required for transport (ESCRT) system is
unnecessary for the release of miRNAs (Kosaka et al.,
2010a). In agreement with this report, Mittelbrunn et al. also
showed that inhibition of exosome production by targeting
nSMase2 with chemical inhibitors or siRNA impairs transfer of
miRNAs to antigen-presenting cells (APCs) (Mittelbrunn et
al.,, 2011), further demonstrating a ceramide-triggered,
ESCRT-independent machinery for secretion of miRNAs.

How miRNAs are targeted and absorbed by recipient cells
also remains unclear. Several groups suggest that this
process depends on specific cell surface-targeting motifs on
microvesicles and receptors on recipient cells. Microvesicles
might be internalized through either direct membrane fusion
or endocytosis (Théry et al., 2002; Cocucci et al., 2009;
Simons and Raposo, 2009). Therefore, microvesicle-
enclosed miRNAs may be delivered into recipient cells
through receptor-ligand interactions. In addition, HDL-
mediated miRNA delivery is dependent on a cell surface
HDL receptor named scavenger receptor class B, type | (SR-
Bl), which binds HDL and mediates the uptake of cholesteryl
ester from HDL (Vickers et al., 2011). On the other hand, it is
still unknown whether AGO2- or NPM1-associated miRNAs
can be absorbed by recipient cells. Nevertheless, additional
research is needed to further unravel the mechanisms
underlying the uptake of extracellular miRNAs.

FUNCTIONAL ROLES OF SECRETED miRNAs
Role of secreted miRNAs in tumor progression

The tumor microenvironment plays a critical role in cancer
progression. Cancer cells can influence normal cells to
abandon their homeostatic activities and instead support the
neoplastic nature of the tumor. The dynamic crosstalk
between cancer cells and normal cells in the microenviron-
ment is crucial to the progression of disease. Crosstalk can
occur through secreted molecules and paracrine signaling
(Muralidharan-Chari et al., 2010). The secreted molecules are
no longer limited to cytokines, chemokines, growth factors or
other protein molecules but now also include secreted
miRNAs. Skog et al. reported that particular mMRNAs and
miRNAs are highly enriched in microvesicles from primary
human glioblastoma cells (Skog et al., 2008). Glioblastoma-
derived RNA contained in microvesicles is functional and is
taken up by and processed in the human brain microvascular
endothelial cell line HBMVEC, generating a functional protein
(Skog et al., 2008). These results suggest that the tumor-
derived microvesicles can modify the surrounding normal
cells by changing their translational profile. In addition, the
tumor-specific mMRNA and miRNAs characteristic of gliomas,
such as EGFRUVIIl and miR-21, could be detected in serum
microvesicles of glioblastoma patients (Skog et al., 2008).
This finding led to the hypothesis that tumor cells use
exosomes to transport genetic information, including miR-
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NAs, to surrounding cells, thereby supporting tumor growth
and progression. Furthermore, Ohshima et al. revealed that
the let-7 miRNA family was enriched in the extracellular
exosomes from a metastatic gastric cancer cell line AZ-P7a,
while low metastatic AZ-521, as well as other cancer cell
lines, showed no such enrichment (Ohshima et al., 2010).
Because let-7 miRNAs generally function as tumor suppres-
sors that target oncogenes such as RAS and high mobility
group A2 (HMGAZ2), they proposed that cancer cells
selectively secrete let-7 miRNAs into the extracellular
environment via exosomes, reducing the anti-tumorigenic
effect within the cells and facilitating oncogenesis and
metastasis (Ohshima et al., 2010).

Role of secreted miRNAs in immunological processes

Secreted miRNAs are also emerging as regulators of
immunological processes. Mittelbrunn et al. observed that
exosomes from T, B, and dendritic immune cells contain
miRNAs (Mittelbrunn et al., 2011). They demonstrated the
existence of antigen-driven unidirectional transfer of miRNAs,
such as miR-335, from the T cells to the APCs during T cell-
APC cognate immune interactions. This process is mediated
by the delivery of CD63+ exosomes during immune synapse
formation (Mittelbrunn et al., 2011). Moreover, they showed
that miRNAs transferred during immune synapse formation
can function in the recipient cell, and suggested that T cell-
derived miRNAs regulate specific targets in APCs (Mittel-
brunn et al., 2011). These results support a mechanism of
cellular communication involving antigen-dependent, unidir-
ectional intercellular transfer of miRNAs by exosomes during
immune synapse formation.

Role of secreted miRNAs in viral infection

Epstein-Barr virus (EBV) is a common, potentially oncogenic,
y-herpesvirus and is the first virus known to encode miRNAs
(Pfeffer et al., 2004). By characterization of the RNA profile in
purified exosomes from EBV-transformed B lymphoblastoid
cells (B-LCL), Pegtel et al. showed that the B-LCL exosomes
are highly enriched in small RNA species and contain EBV-
encoded miRNAs (Pegtel et al., 2010). By labeling B-LCL
exosomes with fluorescent dye and mimicking exosome
transfer from B-LCL to primary immature monocyte-derived
dendritic cells (MODCs) using a co-culture model, they
demonstrated that EBV-miRNAs are transferred to and
accumulate in uninfected MODCs through continuous inter-
nalization of exosomes secreted by neighboring B-LCL
(Pegtel et al.,, 2010). These exogenous EBV-miRNAs
transferred through exosomes are functional because inter-
nalization of exosomes by MODCs leads to a dose-
dependent, miRNA-mediated repression of CXCL11, a
confirmed EBV-miRNA target gene. Finally, they detected
EBV-miRNAs in both B cells and uninfected non-B cells in

patients with increased EBV load, while EBV-DNA was
restricted to the B cell population and was not detectable in
T cells or monocytes that make up the bulk of the non-B cell
population (Pegtel et al., 2010). The data suggest that EBV-
miRNAs are transferred from infected to uninfected cells via
exosomes. Furthermore, two recent studies reported that
exosomes released from EBV-positive NPC cell lines contain
virus-encoded miRNAs. The EBV-miRNAs were detected in
the total RNA isolated from HUVEC cells exposed to C666
exosomes with a dose-dependent response (Meckes et al.,
2010). Moreover, EBV-miRNAs were detected in the plasma
of NPC-xenografted mice and nasopharyngeal carcinoma
patients (Gourzones et al., 2010), again demonstrating that
extracellular EBV-miRNAs have enough stability and mobility
to reach circulating blood.

DIAGNOSTIC AND THERAPEUTIC POTENTIAL OF
SECRETED miRNAs

Because secreted miRNAs can be detected in biological fluids
such as plasma and can reflect the physiological status of the
cells and organs they originate from, they could potentially
serve as predictive and prognostic biomarkers for diseases.
Several studies have suggested using secreted miRNA for
diagnostic purposes. For instance, detection of secreted viral
miRNAs in the plasma of patients could allow for the detection
of infections (Pegtel et al., 2010). Skog et al. reported that the
miRNAs characteristic of gliomas could be detected in
microvesicles from glioblastoma patient serum (Skog et al.,
2008), implying for the first time that miRNAs secreted from
tumor cells may provide diagnostic information and aid in
therapeutic decisions for cancer patients. Rabinowits et al.
isolated exosomes from human plasma and evaluated the
levels of total exosome, exosomal small RNA, and specific
exosomal miRNAs in controls and lung cancer patients
(Rabinowits et al., 2009). They found that the total exosome
level and exosomal miRNA concentration were significantly
higher in the lung cancer group and that tumor-derived
exosomes from the lung cancer patients contained miRNA
similar to the corresponding tumor cells (Rabinowits et al.,
2009). In another study, Taylor et al. reported that patients
diagnosed with ovarian cancer exhibited significantly elevated
levels of serum exosomes compared to benign disease or
controls and that the levels of circulating exosomes increased
as the cancer stage progressed (Taylor and Gercel-Taylor,
2008). Interestingly, miRNA expression profiling in serum
exosomes of ovarian cancer patients correlated well with that
of their tumors (Taylor and Gercel-Taylor, 2008). Michael et al.
showed that exosomes can be readily isolated from the saliva
of healthy donors and Sjogren's syndrome patients, and these
exosomes contain detectable miRNAs (Gourzones et al.,
2010). Because the isolation of exosomes is non-invasive,
subsequent characterization of the miRNA expression pat-
terns is straightforward, and the miRNA signatures in secreted
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exosomes parallels the parental tumor cells, exosome
profiling holds great promise as an alternate or complemen-
tary diagnostic strategy to biopsy profiling and as a screening
tool for asymptomatic patients.

Small RNAs including siRNA and miRNA are emerging as
promising therapeutic drugs against a wide array of diseases
(Ryther et al., 2005; Weiler et al., 2006). Effective delivery of
these molecules is crucial to their successful clinical applica-
tion (Ryther et al., 2005; Weiler et al., 2006). Current
techniques for small RNA transfer use viruses or synthetic
agents as delivery vehicles. The replacement of these
delivery vehicles with a low-toxicity approach is essential for
making gene therapy safer. The ability of microvesicles to
transfer siRNA and miRNAs raises very exciting possibilities
for therapeutic uses. As therapeutic delivery agents, micro-
vesicles would potentially be better tolerated by the immune
system because they are natural transporters derived from
endogenous cells. Thus, microvesicles derived from cells
engineered to express miRNAs or siRNAs may be capable of
delivering these small RNAs to local cellular environment.
Recently, exosomes have entered the limelight with their
ability to transfer exogenous siRNAs into several brain cell
types, including neurons, microglia and oligodendrocytes
(Alvarez-Erviti et al., 2011). In an excellent study, Alvarez-
Erviti et al. prepared exosomes from dendritic cells that were
engineered to express a fusion of the exosomal membrane
protein Lamp2b and a rabies virus glycoprotein (RVG)
peptide (this peptide derived from RVG can specifically target
neuronal cells) (Alvarez-Erviti et al., 2011). By expressing this
neuron-targeting protein on the surface of exosomes, filling
them with siRNA and injecting them into the bloodstream of
mice, the authors achieved specific siRNA delivery to the
brain, whereas non-specific uptake of siRNA in other tissues
was not observed (Alvarez-Erviti et al., 2011). To show the
therapeutic potential of this approach, they delivered siRNA
against BACE1, inhibition of which leads to a significant
decrease in brain B-amyloid levels of wild-type mice and is
therefore a therapeutic target in Alzheimer's disease
(Alvarez-Erviti et al., 2011). Exosome-mediated siRNA
delivery resulted in a strong mRNA and protein knockdown
of BACE1 in wild-type mice (Alvarez-Erviti et al., 2011). These
results point to the potential application of exosomes in small
RNA delivery, opening up avenues for therapeutic applica-
tions.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The presence of extracellular circulating miRNAs has been
detected in a variety of conditions. As observed in many
studies, these miRNAs are remarkably stable and are often
found inside small membranous vesicles (exosomes, shed-
ding vesicles, and apoptotic bodies) or in association with
RNA-binding proteins (HDL, AGO2, and NPM1). Additional
findings strongly support the hypothesis that extracellular

miRNAs in these forms are actively secreted from cells, are
transported within the extracellular environment and are
taken up by recipient cells before their finally binding to target
mRNAs, resulting in gene silencing in the recipient cells.
Numerous miRNAs can be delivered at once, thus simulta-
neously regulating multiple target genes and activating a
complex network of signaling events in the target cells.

While the biogenesis of extracellular miRNAs has been
intensively studied in the recent past, several pertinent issues
require further investigation. One central question is to
determine how miRNAs are specifically targeted for secretion
and recognized for uptake. In particular, what processes
mediate the packaging of specific miRNAs into membranous
vesicles or with RNA-binding proteins, what triggers miRNA
release in different cell types, and which mechanisms are
involved in incorporating miRNAs into targeted cells are
questions inviting further exploration. Answers to these
questions will assist the design of strategies for diagnostic
and therapeutic applications.

The exciting research field of mMiRNA secretion is still in its
infancy. Here, we summarize the current views of the
secretion and transport of miRNAs and discuss studies that
highlight their physiological relevance. We anticipate that
future studies in this area will revolutionize the way we
perceive how cells communicate, as well as the way we treat
various diseases.
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