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Abstract

The contribution of microRNAs to the regulation of MRNA expression during physiological and
developmental processes are well-recognized. These roles are being expanded by recent
observations that emphasize the capability of miRNA to participate in inter-cellular signaling and
communication. Several factors support a functional role for miRNA as mediators of cell-to-cell
signaling. miRNA are able to exist within the extracellular milieu or circulation, and their stability
and integrity maintained through association with binding proteins or lipoproteins, or through
encapsulation within cell-derived membrane vesicles. Furthermore, miRNA can retain
functionality and regulate target gene expression following their uptake by recipient cells. In this
overview, we review specific examples that will highlight the potential of miRNA to serve as
paracrine signaling mediators in metabolic diseases and cancers. Elucidating the mechanisms
involved in inter-cellular communication involving miRNA will provide new insights into disease
pathogenesis and potential therapeutic opportunities.
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The functions of miRNAs

MicroRNAs (miRNAs) are small non-coding RNA of 18-25 nucleotides (nt) that can
negatively regulate gene expression through either post-transcriptional degradation or
translational repression. A single miRNA can target a broad range of mRNAs with nearly
complementary sequences, and thereby has the capacity to have a broad impact on gene
expression [1]. In humans, the miRBase database identifies 2,588 mature miRNAs (http://
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www.mirbase.org/) [2]. Many of these miRNA are also highly conserved across many
species [3]. MiRNAs are initially transcribed as primary-miRNA (pri-miRNA) with a
characteristic stem-loop structure. The stem-loop structure of pri-miRNAs is cleaved by the
enzyme Drosha within the nucleus and results in precursor miRNA (pre-miRNA). Pre-
miRNAs are then exported from nucleus into the cytoplasm by exportin 5 and processed by
Dicer, an RNase Il enzyme, to generate mature strands. The mature miRNA strand is
incorporated into an Argonaute-containing RNA-induced silencing complex (RISC). The
RISC can bind to a perfect or a nearly perfect complementary sequence within a target
MRNA and the sequence is cleaved by the miRNA-RISC complex. In addition, miRNA can
also induce protein translational repression of the target genes [4] (Figure. 1).

MiRNAs can contribute to diverse physiological roles and developmental processes and can
also contribute to the pathobiology of diseases such as cancer [5] or metabolic disease [6].
The extent of their combinatorial impact is emphasized by the ability of each miRNA to bind
several target sequences in several different mRNAs, and for a single mRNA to be regulated
by multiple miRNAs thereby providing the capacity to modulate gene regulatory networks.
While the intracellular roles of miRNA are well-established, emerging data indicates that
miRNA may also function in inter-cellular or cross-organ communications, resulting from
the ability of miRNA to transfer to recipient cells from donor cells through circulating
blood, lymph and extracellular fluids [7]. The presence of miRNA in the extracellular
environment further supports the hypotheses that cells selectively release miRNAs which
mediate cell—cell signaling via paracrine or even endocrine routes [8].

Mechanisms of cellular release and uptake of miRNAs

The cellular release of miRNA has been proposed to occur through several different
pathways. Active secretion can occur with miRNA-binding proteins (RBPs) such as
Argonaute2 (AGO?2), and high density lipoprotein (HDL) [9, 10], as well as through cellular
release of membrane-bound extracellular vesicles (EV). Intact and functional miRNA can
exist within the extracellular space or even within the circulation. Retention of functional
capacity is essential for a role in intercellular communication. Indeed, miRNAs can remain
stable in the circulation even in the presence of conditions that can degrade most RNAs [11].
Protection from degradation may be related to either the association of miRNA with RBPs,
or their sequestration within HDLs or within EV in which a lipid bilayer can provide
protection from ribonucleases [8]. Emerging evidence indicates the presence of selective
release of miRNA within EV and thereby supporting a regulated process that may have
physiological relevance. In addition, passive release of miRNA can also occur from cells in
response to injury, chronic inflammation, or cell apoptosis or necrosis [11]. The
contributions of miRNA as effectors of intercellular signaling in these settings are unknown.

EV represents a heterogeneous group of vesicles such as exosomes, microvesicles (MVs), or
apoptotic bodies (ABs) [8, 12]. Much attention has focused on exosomes, a type of EV that
is defined by their biogenesis that involves the formation of intralumenal vesicles (ILVS)
within multivesicular bodies (MVBS) during maturation of endosomes. Some MVBs are
fated for degradation in lysosomes, whereas others can fuse with the plasma membrane,
leading to the secretion of ILVs as exosomes [13]. The biogenesis of exosomes was first
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suggested to be associated with the endosomal sorting complex required for transport
(ESCRT) [14]. ESCRT-related proteins are conserved from yeast to mammals [15], and have
been shown to be recruited to the cytosolic sides of MVBs to form exosomes [16]. However,
exosome formation has been noted to occur independent of ESCRT, involving a process that
is dependent on molecules such as ceramide or tetraspanins [17]. In this way, several
proteins can contribute to exosome production and release, while precise mechanisms for
exosome release as signaling effectors have not yet been clearly elucidated.

Many RNAs, including miRNA that are found within EVs have been noted to be enriched
with respect to their originating cells [8], suggesting that RNA molecules can be selectively
incorporated into EVs. Some differences in RNA content have been demonstrated with
different types of EVs, with ABs primarily containing rRNA, whereas MVs or exosomes
containing mRNA and miRNA, but little rRNA. In addition to the potential presence of
selective pathways of enrichment that are yet to be defined, these may reflect differences in
biogenesis. The nomenclature used for EV has been applied inconsistently, and the
separative processes used in many studies have not specifically separated out a unique
population of vesicles. MiRNA can be found within many different types of EV, and thus we
have used the term EV to refer to the results of these studies even when the original
publications may have referred to exosomes, exosome-like vesicles, microvesicles etc.

MiRNAs that are released from cells packaged within EV such as exosomes may be taken
up by nearby cells, or transported to cells through the blood or lymph system. Recent reports
have suggested that EV delivery of miRNAs to recipient cells can occur [18] and that these
miRNAs can function in transcriptional regulation in recipient cells [19, 20]. However, the
primary mechanism by which EV selectively interact with target cells has not been
elucidated. Mechanisms of uptake of EV could involve endocytosis or direct fusion with
cellular membranes [13, 21]. Uptake could involve EV surface proteins such as tetraspanins
and lectins as well as integrins, proteoglycans, or lectin receptor proteins on recipient cells
surface. miRNAs could also be released into the extracellular environment or circulation by
endocytosis of vesicles and taken up into recipient cells by binding to receptors of cellular
membrane recognizing miRNA-RNA-binding protein complex [22]. Heparan sulfate
proteoglycans (HSPGs) have been reported to serve as receptors of cancer cell-derived EV
in glioblastoma patients [23]. In addition, miRNA associated with HDL have also been
reported to be capable of uptake by recipient cells. Within the circulation, many miRNAs are
detected present in association with Ago2 protein and are not associated with vesicles [9].
The mechanisms by which these miRNA are released or how selectivity of uptake by
recipient cells occur remains obscure. In some cases, these may be released from cells in a
non-specific manner. Thus, for the purposes of this overview, we have focused only on
studies that refer to miRNA within EV as inter-cellular mediators.

MiRNAs involved in Cell-to-Cell Communication in metabolic disease

Many studies of miRNAs have been reported in obesity and metabolic disease which are
serious health issues in developed countries [24]. Early reports identified the expression of
many different miRNAs associated with human obesity. These have been confirmed in both
independent human studies as well as in rodent models of obesity/Insulin resistance (IR)
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[25]. More recently, miRNAs that are specific for metabolic diseases have been identified,
and their function and target pathways elucidated. Indeed, miRNAs have been demonstrated
to be important regulators of a number of critical metabolic functions, such as insulin
secretion in the pancreas [26], lipid and glucose metabolism in the liver [27], and leptin
signaling in the hypothalamus [28]. Unlike the role of secreted proteins such as cytokines
and proteins, the role of miRNAs in intercellular communication in these conditions remains
undefined. Examples of such roles for miRNAs in metabolic disorders are provided in Table
1 and illustrated in Figure 2.

Cardiovascular events

Early in the course of diabetes, high blood glucose levels can lead to endothelial dysfunction
and microvascular dysfunction [29]. Deregulated myocardial angiogenesis is a major
manifestation of diabetes-caused ischemic cardiovascular disease [30]. The contribution of
paracrine miRNA is this setting is illustrated by studies in the Goto-Kakizaki rat model of
type 2 diabetes, where EV derived from myocytes were noted to be enriched in miR-320.
This miRNA can functionally down-regulate target genes such as insulin-like growth
factor-1 (IGF1), Hsp20 and Ets2 in recipient cardiac endothelial cells, whereas its over-
expression can inhibit cell migration and tube formation [31].

In another setting, EV has been identified from supernatants of isolated adipocytes [32] or
adipose stromal cells (ADSCs) [33] in culture. Adipocyte EV has been linked to lipid
metabolism and obesity-related IR. Similarly, EV secreted by ADSCs has been implicated in
angiogenesis, immunomodulation and tumor development [34], and can promote vascular
endothelial cells (ECs) migration and proliferation [35]. These EV mRNAs and miRNAs
could target several pathways such as angiogenesis, cellular transport, or apoptosis [36]. In
contrast, reduced levels of vascular endothelial growth factor (VEGF), Matrix
metalloproteinase-2 (MMP-2) and especially miR-126 can impair the angiogenic potential
of EV in obesity [37]. Alterations in miR-126 levels can deregulate Sprouty-related, EVH1
domain-containing 1 (Spredl) expression and inhibit the Erk1/2 mitogen-activated protein
kinase (MAPK) pathway in endothelial cells and impaired angiogenic ability. In addition,
miR-126 is reduced in patients with coronary atherosclerosis [38] and inversely correlated
with patients with high LDL levels [39], underscoring its potential importance in
maintaining vascular homeostasis across multiple tissues.

Non-alcoholic fatty liver disease (NAFLD)

NAFLD is the hepatic manifestation of the metabolic syndrome and defined by the
accumulation of fat in the liver in patients who do not consume excessive alcohol. NAFLD
can manifest as simple steatosis alone, or as nonalcoholic steatohepatitis (NASH), a
progressive liver disease characterized by inflammatory changes and fibrosis in addition to
steatosis. 5-10% of patients diagnosed with NAFLD will develop NASH and of these upto
30% of these may develop cirrhosis [40]. We have reported miRNA profiling studies in
experimental NASH. The significance of deregulated miRNA expression has been
investigated in several liver diseases. Amongst these, miR-122 is a liver specific miRNA that
is highly enriched within hepatocytes. MiR-122 has a central role in maintaining hepatocyte
function and homeostasis with the capacity to regulate various genes involved in hepatic
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cholesterol and lipid metabolism. A reduction in hepatic miR-122 expression was reported
in NASH [41], and a deletion of miR-122 in mice leads to the development of HCC [42].
Circulating miR-122 and miR-34a may represent novel, noninvasive biomarkers of diagnosis
and histological disease severity in patients with NAFLD as well as chronic hepatitis C [43].
Additionally, a role for miR-122 has also been implicated in EV-mediated HCV transmission
[44]. Even though several NAFLD associated miRNA have been reported, their participation
in cell-to-cell communication is unknown. An interesting study reported that EV derived
from obese but not from lean visceral adipose tissue can induce transforming growth factor-
B (TGF-p) signaling pathway deregulation following their uptake in HepG2 cells [45].
These observations suggest the possibility of similar processes occurring in NAFLD [46].
Some of the effects of TGF-f on stimulating pathways of fibrogenesis in activated HSCs are
mediated via connective tissue growth factor 2 (CCN2) [47]. EV released by quiescent but
not activated HSC contain high levels of Twist1, which can be transferred via EV to
modulate expression of miR-214 and downstream CCNZ2 in recipient cells [48, 49].

Insulin resistance and p-cell dysfunction

Diabetes mellitus is a common metabolic disorder characterized by dysfunction of insulin-
secreting pancreatic p-cells. MiRNAs have been identified as important determinants of the
functional integrity of pancreatic p-cells, and implicated in the regulation of p-cell
differentiation and other activities such as proliferation, survival, insulin biosynthesis and
secretion [50]. Release of EVs has been reported from pancreatic islets as well as p-cell
lines. Although the functional role of B-cell EVs is just beginning to be elucidated, there is
evidence supporting the participation of EVs in the crosstalk with ECs or lymphocytes [51,
52]. Thus, EVs from human islets contain miRNAs (such as miR-27b, miR-126, miR-130
and miR-296) involved in B-cell function, insulin secretion and angiogenesis. These EVs can
be taken up by human islet ECs resulting in insulin mRNA expression, protection from
apoptosis and enhancement of angiogenesis [51]. Exposure of MIN6B1 murine p-cells to
inflammatory cytokines alters the release of several microRNAs, which, in contrast to EV
from similar cells not exposed to cytokines, can induce apoptosis in cytokine-untreated
MINGEBL1 cells. Down-regulation of the miRNA-mediating silencing protein Ago2 in
recipient cells prevents apoptosis induced by EV derived from cytokine-treated cells. These
data implicate the transfer of EV miRNAs as a novel cell-to-cell communication mechanism
that can regulate the activity of pancreatic p-cells [53].

Another example of inter-cellular miRNA signaling was provided by studies of cross-talk
between EV released from skeletal muscle and beta cells. Islets from mice fed on high
palmitate diets (HPD) were larger and had altered expression of genes involved in
development, such as Ptchl. MiR-16 was increased within vesicles obtained from skeletal
muscle cells of HPD, and could regulate gene expression of several developmental genes
such as Ptchl following their uptake by MIN6BL1 cells /n vitro, thus recapitulating the /in
vivo observations and suggesting that the release of EV from muscles can modulate beta-cell
mass in lipid-induced insulin-resistance mice [54].
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Metabolic diseases and cancer

Obesity has been causally linked to an increased risk of several different types of cancer
[55], and adipose tissue plays a role in development of some tumors. EVs derived from pre-
adipocytes (3T3-L1) can promote tumorigenesis in breast cancer cells. An anti-tumor
compound, shikonin, increased levels of miR-140 in 3T3-L1-derived EVs and impacted
ductal carcinoma cells in situ through the SOX9 signaling pathway [56]. Adipocytes can
promote migration and EMT seen in breast cancers, and ADSCs can behave similarly [57].
Human ADSC derived EV can promote breast cancer cell migration and proliferation
through the Wnt pathway [33]. In glioblastoma, ADSC-derived EVs stimulate cells to enter
S and G2/M phase and enhance cancer cell proliferation, whereas MSC-derived EV may
inhibit cancer cell proliferation and induce apoptosis [58].

MiRNAs in Cell-to-Cell Communication in Cancers

The involvement of miRNAs in cancer-related processes has been extensively evaluated, and
the role of cancer-related miRNA in tumor metabolism and progression has been recognized
[59]. Cancer-related miRNAs have been detected not only in cancer cells but also in cancer-
derived EVs [60]. Inter-cellular signaling involving miRNA has defined roles within the
tumor microenvironment (TME) or pre-metastatic niche [61-64], and examples are provided
in Table 2 and illustrated in Figure 2. Release of miRNA within EV from non-tumoral,
stromal, immune, or ECs within the local microenvironment have been implicated in driving
tumor growth, spread and metastases.

Cancer proliferation

Autonomous proliferation, resistance to apoptosis and immortalization are hallmarks of
cancer. Cancer-related miRNA contribute to bidirectional signaling between normal and
cancer cells that regulate cell growth and cell death and support unrestrained cancer cell
proliferation. For example, cancer cells can release miRNAs such as miR-21 that can repress
tumor suppressors such as PTEN and PDCD4 [65]. MiR-21 has been identified in EVs
derived from breast cancer [66] and from glioblastoma cells [10]. The serum EV miR-224
level is significantly higher in patients with HCC than those with chronic hepatitis B or liver
cirrhosis [67]. MiR-224 is a master regulator of cell cycle progression, and overexpression
results in G1/S checkpoint release followed by accelerated cell growth. Enforced expression
of miR-224 increases the growth rate of normal cholangiocytes, cholangiocarcinoma cell
lines, and HCC cell lines [68]. TGF- activated kinase-1 (TAK1) is an essential inhibitor of
hepatocarcinogenesis, and its absence /n vivo is associated with the spontaneous
development of HCC related to aberrant responses to inflammatory and stress signaling [69].
TAKL is the most likely candidate pathway that could be modulated by miRNAs and a
biologically plausible target for intercellular modulation. HCC cell-derived EVs can
modulate TAK1 expression and associate signaling and enhance transformed cell growth in
recipient HCC cells [70]. Release of EV associated miRNAs from non-malignant cells can
also contribute to tumorigenesis. Thus, ectopic expression of miR-409 in normal prostate
fibroblasts conferred a cancer-associated stroma-like phenotype. The release of miR-409 via
EVs promoted tumor induction and epithelial-to-mesenchymal transition (EMT) /n vitro and
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in vivo through miR-409 dependent repression of tumor suppressors such as Ras suppressor
1(RUSL1) and stromal antigen 2 (STAG2) [71].

Cancer microenvironment

Inter-cellular signaling is essential in defining tumor development, growth and progression
within the tumor microenvironment. Within the tumor microenvironment, stromal cells such
as cancer associated fibroblasts (CAFs), tumor-associated macrophages (TAMS), pericytes,
ECs, and infiltrating immune cells can signal amongst each other and with normal or
transformed cells through the release of mMiRNA and protein mediators [72]. The transfer of
miRNA within EV is a potent mechanism that can support the survival of cancer cells, or
promote angiogenesis [73-77]. An example of the interactions is highlighted in studies in
chronic lymphocytic leukemia (CLL). CLL-derived EV is enriched in miR-146a and several
proteins, and following their uptake by ECs and MSCs can induce an inflammatory
phenotype which resembles the phenotype of CAFs. ECs which incorporated CLL-derived
EVs increased angiogenesis, and co-injection of these EVs and CLL cells promotes tumor
growth in immunodeficient mice [78]. Similarly, estrogen receptor (ER) repression was
observed in ER-positive breast cancer cells, MCF-7/ItE2-, treated with conditioned media
from CAFs derived from ER-negative breast cancer cells. EV miR-221/222 derived from
these CAFs was transferred to MCF-7/ItE2- and ER repression could be rescued by
knockdown of miR-221/222 [79]. A miRNA signature indicative of hyperactive MAPK
signaling is associated with reduced recurrence-free and overall survival [80]. CAFs-
secreted miRNAs may contribute to MAPK-induced ER repression to drive the ER-negative
phenotype in breast cancer cells. Immune cells are also prominent within the tumor
environment, and immune escape by tumors can involve secretion of EVs by cancer cells
with resultant suppression of anti-tumor immune responses [81]. In most cases, such
suppressive responses are mediated by proteins within and on the surface of EVs, although
there are reports of lung cancer cell derived EV miR-21 and miR-29a binding to Toll-like
receptors on immune cells and resulting in release of pro-metastatic inflammatory cytokines
[82].

Cancer migration and metastasis

Cancer cells can modify their surrounding microenvironment to promote invasiveness and to
prepare other organs and distant sites for metastasis [66, 83-85]. MiR-105, which is
characteristically expressed and secreted by metastatic breast cancer cells, is a potent
regulator of migration through targeting the tight junction protein ZO-1. In endothelial
monolayers, EV miR-105 efficiently destroys tight junctions and the integrity of these
natural barriers against metastasis. Overexpression of miR-105 in non-metastatic cancer
cells induces metastasis and vascular permeability in distant organs, whereas inhibition of
miR-105 in highly metastatic tumors alleviates these effects [84]. Some miRNAs involved in
the formation of the pre-metastatic niche have been identified [86, 87]. In renal cancer stem
cells, several miRNAs found in EVs have been implicated in the formation of the lung pre-
metastatic niche and can lead to tumor invasion and metastasis, in addition to inducing
angiogenesis [86]. Moreover, TAMSs can regulate the invasiveness of breast cancer cells
through exosome-mediated delivery of oncogenic miRNAs. EV miR-223 associated with
IL-4-activated macrophages was significantly elevated during co-cultivation of TAM with
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breast cancer cells, whereas inhibition of miR-223 decreased cell invasiveness [88].
MiR-181c promotes the destruction of blood brain barrier through the abnormal localization
of actin via the down regulation of its target gene, PDPK1. Systemic injection of brain
metastatic cancer cell-derived EVs containing miR-181c promote brain metastasis of breast
cancer cells and are preferentially incorporated into the brain /n vivo [89].

Anti-tumorigenesis

Thus far, we have described miRNAs dependent signaling related to cancer proliferation and
progression. Consistent with the bidirectional effect of paracrine signaling between cancer
and non-cancerous cells, it could be expected that EV miRNAs derived from normal cells
could serve to maintain normalcy through tumor-suppressive effects. Supportive evidence
for this arises from observations in several settings showing anti-tumor effects from delivery
of miRNA. Through transfer of miR-142 and miR-223, human macrophages can post-
transcriptionally regulate endogenous proteins such as insulin-like growth factor-1 receptor
(IGF1R), to functionally inhibit HCC cell proliferation [61]. Transfer of miR-16 into PNT-2
prostate epithelial cells reduces cell proliferation [90]. Similarly, miR-143 can inhibit cell
proliferation in prostate cancer cells through the suppression of Kirsten rat sarcoma viral
oncogene homolog (K-RAS) [91]. Furthermore, normal ECs can transfer miRNA such as
miR-503 to tumor cells through EVs, with effects on proliferation and invasion through
inhibition of cyclin D2 and cyclin D3 in breast cancer cells [62].

Anti-tumor effects can also be enhanced by exogenous agents. Thus, the anti-angiogenic
effects of docosahexaenoic acid (DHA), a natural compound with potential for use as a
preventative agent or as an adjuvant to breast cancer therapy could be mediated through EV
miRNAs. DHA alters the secretion and miRNA content of EVs released by breast cancer
cells, which can be taken up by endothelial cells resulting in a decrease of pro-angiogenic
target genes such as plasminogen activator (PLAU), angiomotin like-1 (AMOTL1) and
neuropilin 1 (NRP1) and inhibition of tube formation [92].

Drug sensitivity

Acquired resistance to therapy is a major limitation to the treatment of cancer.
Chemoresistance in MCF-7 breast cancer cells has been associated with miR-100, miR-222
and miR-30a which are abundant in EVs from these cells and which, when transferred to
drug sensitive cells, can alter cell cycle progression and apoptosis pathways that decrease
drug susceptibility [93]. EV mediated transfer of a drug-resistant phenotype from resistant to
sensitive breast cancer cells could potentially be related to intercellular transfer of specific
miRNAs. Overexpression of miR-142-3p suppresses migration and invasion in HCC cells,
and this miRNA can negatively regulate RAS-related C3 botulinus toxin substrate 1 (RAC1)
in HCCs [94]. Transfer of miR-142-3p from TAMs to HCC through EV in response to
propofol can inhibit HCC invasion, effects that are reversed by down-regulating
miR-142-3p. In addition, plasma EV from tumor-bearing mice exposed to propofol can
suppress tumor growth [95]. Thus, EV mediated miRNA signaling can contribute to the
cancer phenotype and sensitivity to drugs.
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Induction of dormancy

Breast cancer patients can develop metastatic disease even after 10-20 years following
resection of the primary tumor [96]. These patients are asymptomatic because the
disseminated cells appear to become dormant and are undetectable. Bone marrow
mesenchymal stem cell derived EVs (BM-MSCs) can enable breast cancer cells to maintain
dormancy for decades in the bone marrow in these cases. MiR-23b within EVs from BM-
MSCs is suggested to suppress MARCS, which encodes myristoylated alanine-rich C kinase
substrate and promotes cell cycling and motility [97].

Conclusions and future perspectives

The discoveries that small RNAs were conserved in several species and that miRNAs could
post-transcriptionally regulate mRNA expression have provided new insights into cellular
regulation of gene expression. Recent studies indicate a role for miRNA in paracrine
signaling, and further extend the potential impact of these small RNA in modulating normal
or pathological processes. Although the precise contributions of cell-to-cell communication
by miRNA remain to be conclusively established, the potential for miRNAS to serve as
mediators of paracrine signaling is conceptually exciting for several reasons. First,
circulating extracellular miRNAs associated with EV, RNA binding proteins or HDL may
avoid degradation and retain the ability to exert a functional effect at distant sites. Second,
the impact of a single miRNA is broad because of the potential to target multiple pathways
through effects on several different genes. Because EVs have the ability to transfer
molecules other than miRNAs, the combinational effects of miRNAs with other molecules
packaged within EV provides exciting possibilities for therapeutic applications, while
avoiding immune responses related to endogenously administered artificial nucleic acids
such as siRNAs. Of note however, is that the processes by which miRNAs mediate cell-cell
signaling in vertebrates have not been elucidated. To date, signaling by extracellular miRNA
trafficking has been consistently shown only in cultured cells and for selected miRNAs.
Most EVs do not contain miRNA. The concentration of miRNAs in body fluids is far lower
than in cells of origin and within the local microenvironment [98], and direct evidence of a
distant functional effect remains to be convincingly demonstrated. Nevertheless, the
considerable excitement related to the emerging data of cell-to-cell transfer of mMiRNA, as
well as to recent reports demonstrating cross-kingdom transfer of miRNA, is likely to be
translated into specific studies to evaluate the impact of inter-cellular miRNA
communication in both normal physiology and in disease processes.
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Research Agenda

. The mechanisms by which miRNA are sequestered and are selectively
enriched within extracellular vesicles need to be elucidated.

. Studies are needed to show the direct impact of extracellular RNA in
functional effects such as modulation of gene expression following
their uptake by recipient cells.

. Studies of therapeutic targeting of paracrine miRNA signaling in
conditions where intercellular communication contributes to disease
such as cancers or metabolic diseases such as NAFLD.
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Practice points

. miRNA can serve as paracrine signaling mediators between different
types of cells

. Circulating miRNA that are selectively released into the extracellular
milieu in pathophysiological processes and are detectable in the
circulation may represent potential biomarkers associated with disease
processes.
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Figure 1. miRNA biogenesis, cellular release and paracrine cell-to-cell communication
MiRNAs are typically transcribed by polymerase 11 (Pol I1) as primary miRNA (pri-

miRNA). Pri-miRNAs are cleaved by RNase I11-type enzyme Drosha to produce hairpin-
structured precursors (pre-miRNAS). Pre-miRNAs are transported to cytoplasm, the Dicer
complex removes the loop region from pre-miRNAs to generate an imperfect duplex
miRNA. Mature miRNA is bound by Argonaute to form a RNA-induced silencing complex
(RISC). In the cytoplasm, pre-miRNAs or mature miRNAs can also incorporate into
multivesicular bodies (MVBSs). miRNA can be released from cells through release of
exosomes derived from MVB'’s, microvesicles derived from plasma membranes or within
apoptotic bodies. They can also be associated and released with RNA-binding protein
complexes (RBP) or high density lipoproteins (HDL). Extracellular miRNAs can be
transferred to recipient cells and bind to their target messenger RNAs (mMRNAS) to repress
their translation or induce their degradation.
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Figure 2. Involvement of paracrine miRNA signaling in cancers and metabolic disorders
MiRNAs can contribute to cell-to-cell communication in several physiological and

pathophysiological processes associated with cancers and metabolic disorders. Selected
examples of paracrine miRNA signaling between donor and recipient cells are illustrated,
and further elaborated in Tables 1 and 2. Gray arrows indicate supportive effects whereas red
bars indicate suppressive effects.

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2017 October 01.



Page 19

Matsuda et al.

s]189 Bune9as-uINsul suLINW :TGINIIA ‘S|199 a1e[1e1s o1reday :SOSH 'S|189 [e1jayIopul s ‘s|180 [ewons asodipe :sOSay

€9 TYdd 9T-ydiw
25 (suswyeasy 8UBI0IAD Jale) SYNYHIW

96¢-diw
0S ‘0ET-HIW ‘9ZT-HIw ‘g/g-Hiw

(s1a1p
TAONIW  @veywied ybiy ynm so1w 9/19/G0) S1189 sdaotipend S1139 13181 JO UONRIBH|OId

SI183 ET/ZE8 PaAlIsp T-SNI
eLioulnsul 18y
s|190-¢ TIONIN sisojdode aanpuy
$D319]s! Uewiny S]190 18]SI UeWNH sisauaBolBue pue uol1a1d8s ulNsu|

uonounysAp 1[30-g pue sourisisal ulnsu|

8y 'Ly ZNOD ‘pTg-diw

Sv ‘v Remuyred g-49 1

TIsimL

62hy-diw ‘geg-yiw
692y-diw ‘agyTHIW
:3WOS0Xa S, [ENPIAIPUI 85300

SOSH SOSH Buijeubis ouabolquy Jo uoissaiddng
oSt 'A14WN 30 siseusboyled
SOOH saifo0dipy  siaquiaw Kemyred g-49] 10 uonenBaisia

Q14N :8sessip J9A1| A1xe) 91]040d[eUON

¢/T3
Tpauds
9¢ ARemyred MdvIN 9zT-ylw sO3 sosavy sisauabolbuy
0€ 2813 ‘0zdsH ‘T-491 0Ze-diw O3 deIpJed asnow sa1A00AwoIpIed onagelq uonenbas a1uaboibue-nuy
1UaA8 JB|Ndsenolpie)
ERVEIETEN] sy1efuel N YW VNYIW s|199 1864e S|]89 U0I18499S uonouny

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

95e9S1P 91|0CEI3|Al (UOIIEIIUNWWOD [9D-01-|13D Ul SYNYIIA

T alqeL

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2017 October 01.



Page 20

Matsuda et al.

TST-YIW ‘0§9-YIw ‘e6z-Hiw

G8 THT-YIW ‘Z6-HiW ‘900z-Hiw (oA ur) s]192 Bun S|[89 Wa)S 32U [eudy UOIJeW.O0) BYDIU J1IeISEIaWRId
79 a2ad TZ-dw 199U [£19810]0D siselsela
¥8 BETIDS ‘g7 Anwey 0oz-yiw $0049 dljelselswl-uoN §004d dhelsels|N Aujiqeded siseiselsw Jaysuel |
€8 1-0Z SOT-diw SOIANWH §0049 dlEISEIIN SI31LIEq [BI[3YI0pUa JdnIsia
€z gAN-2 0GT-yiw T-03NH S]199 BIWSYN3| 21AI0UON uonelBiw |[39 sjowo.d
8 471 pue 0TAXOH qoT-HIw $O3 Alewwew sAISeAul-UON $00g d1eIseI9N ANJiqe aAIseAUl asealou]
sIselse1aW pue UoISeAul 1adued
€L gv-unyd 0Te-"iw SO3IANH $O04d dneIseldsN sisauabolbuy
2L g  unbaul eZ6-HIw SO3IANH S||99 BIWSNNAT  UOITeWIO agn) pue uonelBiw sO3
J101dadal
18 MI|-110L pulg Apdaiid eeZ-HIW ‘TZ-HIw abeydosoew suuniy €62-M3H uoissaiddns sunwwi
6. 8L MNdVIN ¢ze/Tee-giu $00d anisod-y3 S4vD uolssaidal Y3 paanpul-SdvIN
uolesayijold Jown g
1l BOPT-HIiW T-03ANH S[199 e1Wway N3] a1ksoydwA| d1uoiyd sisauabolbuy
9/ Aemuyyed ._.<._.w-x%n%m 6-diw sO3aANH BWOUBIBN sisauaboibue pue uonelbiw sO3
Gl g-ydoxpioig eZ6-yIw sO3aANH $]199 Jaoued [£19810]0D sisauabolfuy
vl gv-unyd3y oTZ-yu SOIANH S1192 e1waynaT] sisauabiolbuy
€L ev-unyd3 0Tc-ylw SOIANH §00d dlEISEIIN sissusbolbuy
zL G0 upbaul eZ6-yIw sO3aANH S||99 BIWANNAT  UOIeWIO) agn) pue uonelBiw sO3
JUSILOIIAUROIDIW J30UBRD
uruoxiys
€€ 6X0S/ZX0S orT-yiw $204 Uum pareasy a1hoodipesid asnoy sisauaBriown
0L ZOVLS ‘TSNY 607-giw $O0d S1Se|qoIqy [ewons LINT ‘sisauabLiowin].
69 VL SYNAIW AT SOOH SOOH uonesajtjoid sowny
19 ‘99 ju10d328y0 S/19 pzz-diw  salhoo1Bue|oyd [ewou s ‘SOOH (swaired DOH J0 wnias) sOOH uoissaiboud aja4a 19D
0T aodad TZ-diw sa)1ose Jueubijew ewolse|qol o sauab Jown)-fue ssaiddng
59 N3Ld TZ-diu s00d sauab Jown-nue ssaiddns
uoryesayljoad JsoueDd
CELIIETETEN | s19bae1 YNYIW VNYIW s]199 3961e L $]189 UOI19499S uonouny

Author Manuscript

¢ 9lqeL

Author Manuscript

18UeD UoEIIUNWIWOYD []8D-01-]18D Ul SWNYIN

Author Manuscript

Author Manuscript

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2017 October 01.



Page 21

Matsuda et al.

MOLIBW 3UOQ :SDSIA-ING ‘sabieydoloe payeIoosse-10wn) SNV ‘S]189 Wals [BWAUOUSSaW (SOSIA ‘SISe|q0IqL) PBIBID0SSE 190URd :SH\D ‘S|190 [eljaylopus Uewny :SOJAIH ‘S|[89 [B1[3Y10pus UIsA

S[199 Wials [eWAyoUasaW

P40 [e21]IguWn uewNy :SOJANH ‘UOIISURI) [ewAydUasaW-0)-[e1jaynda ;1 AT ‘s][92 Jaoued ayeisold :sDDd ‘S[199 BWOUIIRI0IBURIOYD :S\DD ‘S||99 BWOUIDIRD Jejn|jaooreday :SOOH ‘S|199 130ued 1sealq :$D0g

sQ0g uewnH
96 SHOUVIN gez-yiw JljelselsW-Mollew auog SOSIN-ING Aouew.lop aonpu|
AauewJop Jo uonanpuj
6 ‘€6 TovH de-zyT-Hiw (91w Burresq-iowny) |92 9-TedsH SINV.L AJIAIISUSS -0WaY9 asealou|
26 BOES-HIW ‘Zgg-HIW ‘00T-HIW sJ0g annisuss-bnig s20g wejsisal-fnig aoue)sIsal-Bnip alnboy
Aanisuss bnuq
¢S13 pue
16 TdYN ‘TTLOWYV ‘'NVd qoze-yiw ‘gez-Hiw sO3 (YHQ yum jusiiyeal Jaye) sOO4 uonoe djuabolbue-nuy
19 €ANDJD ‘2ANDD €05-diw $004 $O3 uoiseAul pue yimolb |19 Haiyul
06 SYHM epT-diw $00d SO a1e1soid yimouaB 1199 1qiyug
HT49I
09 T-UIWyels £zz-dIW ‘ZyT-Hiw SOOH sabeydoloew uewnH Yol 1180 naiyu
sisauabliown)-uy
88 ™dad J18T-HIW $004 dNeIseIN sO3 1al1Ieq ureig-poo|q Jredul|
/8 2Z43an gzz-diu Nele):] (abeydoioew gIN pareAnde p-TI)SINVL  SSausAiseAul ajowold pue ajenbiay
sise|qoiqy
98 LT-unayped de-zyS-ydiw ‘yer-diw Bunj ‘s|190 ewons apou ydwA BLIOUI2IEI0UIPE el J1TeISEISIN UOIJeWIO0) 8YDIU JfIeISEIaWAId
SERIIETETEN | s1abaer yNYIW VNYIW s]199 396Je L $][89 UOI18499S uonouny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2017 October 01.



	Abstract
	The functions of miRNAs
	Mechanisms of cellular release and uptake of miRNAs
	MiRNAs involved in Cell-to-Cell Communication in metabolic disease
	Cardiovascular events
	Non-alcoholic fatty liver disease (NAFLD)
	Insulin resistance and β-cell dysfunction
	Metabolic diseases and cancer
	MiRNAs in Cell-to-Cell Communication in Cancers
	Cancer proliferation
	Cancer microenvironment
	Cancer migration and metastasis
	Anti-tumorigenesis
	Drug sensitivity
	Induction of dormancy

	Conclusions and future perspectives
	References
	Figure 1
	Figure 2
	Table 1
	Table 2

