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Abstract

miRNAs can be found in serum and other body fluids and serve as biomarkers for disease. More
importantly, secreted miRNAs, especially those in extracellular vesicles (EVS) such as exosomes,
may mediate paracrine and endocrine communication between different tissues and thus modulate
gene expression and the function of distal cells. When impaired, these processes can lead to tissue
dysfunction, aging and disease. Adipose tissue is an especially important contributor to the pool of
circulating exosomal miRNAS. As a result, alterations in adipose tissue mass or function, which
occur in many metabolic conditions, can lead to changes in circulating miRNAs which then
function systemically. Here we review the findings that led to these conclusions and discuss how
this sets the stage for new lines of investigation in which extracellular miRNAs are recognized as
important mediators of intercellular communication and potential candidates for therapy of
disease.

eTOC Blurb

In this Review, Mori et al. discuss the emerging literature of extracellular miRNAs as mediators of
tissue crosstalk. They outline the ability of these miRNAs to act as effective biomarkers, as well as
a new class of hormones, and thus their potential as monitors of and therapeutic agents for disease.
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Introduction

miRNAs are regulatory small non-coding RNAs of approximately 22-nt produced by
virtually all cells in the body (Bartel, 2018; Ludwig et al., 2016). Many miRNAs are highly
conserved across evolution, although their diversity and number correlate with organismal
complexity (Berezikov, 2011; Deline et al., 2018; Tarver et al., 2015). Thus, the C. elegans
repertoire contains 437 miRNAs, the mouse over 1,500 and humans produce between 2,000-
3,000 miRNAs (data from the miRBase, Release 22). Many miRNAs are ubiquitously
expressed, while others are tissue specific (Lagos-Quintana et al., 2002; Ludwig et al.,
2016). This pattern of distribution is driven by both transcriptional and post-transcriptional
regulation of miRNA precursors within the cell.

The synthesis of miRNAs is a multistep process [reviewed in (Bartel, 2018; Ha and Kim,
2014; Treiber et al., 2019)]. In the nucleus, primary miRNAs (primiRNA) are transcribed by
RNA polymerase Il then processed by the microprocessor complex, which contains the
endoribonuclease DROSHA and its RNA binding partner DGCRS, or by components of the
splicing machinery (Treiber et al., 2019). This results in pre-miRNAs of about 70-nt that are
exported to the cytoplasm by XPO5 and Ran GTPase. Pre-miRNAs are further processed by
type 111 endoribonuclease DICER in association with RNA binding proteins TRBP and
PACT producing double-stranded miRNA duplexes. These duplexes are loaded into the
RNA-induced silencing complex (RISC) where Argonaute-2 (AGO2) and chaperones like
HSC70/HSP90 mediate the interaction of the guide strand of the miRNA with its target
mRNA leading to inhibition of mRNA translation and/or increased mRNA degradation. In
addition to this classical function, some miRNAs have been suggested to act through non-
canonical pathways to produce the opposite effect, /.e., inducing transcription and
upregulating protein expression (Vasudevan et al., 2007; Zhang et al., 2014). DICER-
independent pathways of miRNA biogenesis have also been reported (Cheloufi et al., 2010),
but their impact in miRNA synthesis is limited.

Similar to mMRNAs, the miRNA expression profile can serve as a signature of cell identity.
For instance, miR-122 is highly expressed in liver, representing up to 70% of the total
miRNA expressed in this tissue (Bandiera et al., 2015; Jopling, 2012; Sekine et al., 2009).
Similarly, muscle cells are enriched in miR-1, miR-133a, miR-133b, miR-206, miR-208a,
miR-208b, miR-486 and miR-499, leading to the reference to these mMiRNAs as myomiRs
(Horaka, 2016); miR-9 and miR-124 are expressed almaost exclusively in brain, with the
latter accounting for almost 50% of miRNA content in this tissue (Lagos-Quintana et al.,
2002); and p-cells are unique for high abundance of miR-375 (Poy et al., 2004). On the
other hand, some cells, like adipocytes and stem cells, express a wide range of miRNAs
(Houbaviy et al., 2003; Kim et al., 2014; Kloting et al., 2009; Marson et al., 2008; Mori et
al., 2012; Wang et al., 2008; Xie et al., 2009).

mMiRNAs Are More Mobile Than Expected

To help understand how miRNAs expressed in a given cell type contribute to development
and homeostasis of that tissue, multiple cell type-specific DICER or DGCR8 knockout mice
have been generated. These almost completely ablate production of mature miRNAs in the
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targeted cell. DICER knockout in the central nervous system, pancreas, or skeletal and
cardiac muscles renders mice nonviable or with severe developmental defects (Chen et al.,
2008; Kawase-Koga et al., 2009; Lynn et al., 2007; O’Rourke et al., 2007). This is not
surprising given the important role of miRNAs in cell survival and differentiation. In
contrast, liver-specific DICER knockout mice (LDicerKO) and adipocyte-specific DICER
(ADicerKO) or DGCR8 (ADgcr8KO) knockout mice are indistinguishable from wildtype
littermates until they reach adulthood, when they begin manifesting signs of metabolic
dysfunction. These include hepatic steatosis and early-onset hepatocellular carcinoma in
LDicerKO mice (Sekine et al., 2009) and partial lipodystrophy and insulin resistance in
ADicerKO and ADgcr8KO mice (Kim et al., 2014; Mori et al., 2014; Reis et al., 2016).

While many aspects of these phenotypes are expected based on alterations in mMRNA half-
life and translation in the cell in which miRNA processing is disrupted, some phenotypes are
secondary to changes in gene expression and function in other tissues suggesting cell non-
autonomous effects of tissue-specific loss of miRNAs. For example, fat-specific DICER
knockout (ADicerKO) mice exhibit changes in hepatic gene expression which are reversed
when mice are transplanted with normal adipose tissue, suggesting that these changes are
controlled by miRNAs secreted from the adipose tissue (Thomou et al., 2017). Further
support for the possibility that adipose tissue-produced miRNAs contribute significantly to
the pool of liver miRNAs is the fact that miRNAs that are highly enriched in fat are
significantly decreased in liver of ADicerKO mice, and levels of these miRNAs in liver can
be restored by adipose tissue transplantation without changes in hepatic levels of their
corresponding pre-miRNAs (Thomou et al., 2017). This raises the hypothesis that the
miRNA pool of each cell is the sum of endogenous miRNA production and uptake of
exogenous miRNAs. This hypothesis may explain why following DICER knockout in
hepatocytes, only 45 of the several hundred miRNAs detected in liver are downregulated
(Sekine et al., 2009). While it is possible that a decrease in miRNAS in hepatocytes is
masked by the presence of miRNAs in other cells in the liver, this seems unlikely, since
hepatocytes are the predominant cell type in liver. It is also possible that changes in
circulating miRNAs derived from one cell type impact on miRNA biogenesis in other cells.
However, the relatively mild changes in miRNA expression in tissues following DICER
knockout /n vivo most likely reflects the mobile nature of miRNAs. Confirmation of this
hypothesis will require development of robust techniques to track the origin, transport and
fate of miRNAs /n vivo.

Secretion and Transport of Extracellular miRNAs

The potential role of miRNAs in communication between cells and tissues is strongly
supported by the fact that miRNAs can be exported and imported by cells through
mechanisms involving vesicle trafficking and protein carriers. The notion was first described
a little over a decade ago by Valadi et al., who identified a number of mMRNAs and miRNAs
within extracellular vesicles (EVs) secreted by different cell lines and found that these
vesicles can be taken up by other cells, followed by release of their cargo into these target
cells (Valadi et al., 2007). Concurrent studies demonstrated the presence of miRNAS in
bodily fluids (Weber et al., 2010) and associated their levels to disease progression (see
below). Since then, the mechanisms of extracellular miRNA transport have been explored in
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detail and are now known to occur via two main routes: a) active transport via EVs and b)
transport as part of protein-miRNA complexes. In addition, there can be some leakage of
miRNAs from broken or damaged cells. Below, we outline the details of these pathways.

a. Transport via Extracellular Vesicles

The classification and characterization of EVs has been a matter of debate, in part due to
biological vagaries and in part due to methodological limitations [recently reviewed in
(Mathieu et al., 2019; Shurtleff et al., 2018; van Niel et al., 2018)]. Indeed, there are many
caveats in the methods for separation and isolation of the various types of EVs, both from
each other and from protein complexes carrying miRNAs. As a result, in many studies, it is
difficult to be certain of the exact carrier of an extracellular miRNA. Although there is no
consensus regarding the nomenclature or methods to define different subtypes of EVs, the
field is moving towards finding more accurate ways to classify EVs based on size, density,
method of purification, surface markers, process of formation and release mechanism. This
initiative includes a proposal by the International Society for Extracellular Vesicles (ISEV)
with the aim to establish guidelines and recommendations on these issues (Mateescu et al.,
2017; Thery et al., 2018) and multiple recent publications from the Extracellular RNA
Communication Consortium characterizing the content of different extracellular particles
(Das et al., 2019; Jeppesen et al., 2019; Murillo et al., 2019; Rozowsky et al., 2019;
Srinivasan et al., 2019).

In general, smaller EVs (< 200 nm) generated by the fusion of multivesicular bodies
(MVBs) and the plasma membrane are called exosomes (Figure 1), while larger EVs (> 200
nm) formed by direct outward budding and fission of the plasma membrane are called
microvesicles. Direct budding can also produce small vesicles similar to exosomes which
have been termed shed vesicles or ectosomes (Booth et al., 2006; Cocucci and Meldolesi,
2015). These EVs can also serve as mechanisms of miRNA release into the circulation or
extracellular fluid, but “exosome” is the most frequently used term in studies analyzing
forms of miRNA transport within EVs, even when the exact origin of these EVs is not
demonstrated.

Exosomes are secreted after translocation of MVBs from the perinuclear cytoplasm to the
plasma membrane, where they undergo fusion and release of their contents by the process of
exocytosis. Several small GTPase proteins (e.g., Rall, Rab27a and Rab27b) and proteins
involved in ceramide biogenesis (e.g., nSMase2) participate in the control of intracellular
formation, fusion and release of MVBs (Ostrowski et al., 2010; Trajkovic et al., 2008). The
extent to which alterations in ceramide metabolism might be linked to alterations in
exosome formation and release has not been studied, but altered ceramide metabolism is
found in metabolic syndrome (Holland et al., 2011; Turpin et al., 2014).

What determines the miRNA content of EVs is a critical question and still poorly
understood. There is growing evidence that the miRNA profile of EVs differs from that of
the parent cell, indicating active loading or sorting of miRNAs into these vesicles
(Mittelbrunn et al., 2011). Some studies have suggested a role of AGO2 and other RNA-
binding proteins in the regulation of miRNA loading into exosomes. AGO2 has been found
to be co-localized with the exosome protein CD63 in the cytoplasm during MVB formation,
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and AGO2 phosphorylation, which leads to uncoupling of miRNAs from the complex, alters
miRNA sorting and loading, as well as exosome release (McKenzie et al., 2016). Other RNA
binding proteins like hnRNPA2B (Villarroya-Beltri et al., 2013) and Y-box protein 1
(Shurtleff et al., 2016) may also confer specificity for miRNA loading into exosomes. This
suggests an intricate mechanism coupling miRNA availability with exosome loading and is
consistent with the fact that the composition of exosomes can differ considerably from tissue
to tissue and vary according to the metabolic state of the cell (Vallabhajosyula et al., 2017).

Likewise, how exosomes and other EVs are taken up by potential target cells is not well
understood. When injected intravenously, the half-life of EVs in the circulation varies from
as little as 2 min to as much as 60 min, implying a large dynamic range in the circulating
miRNA pool (Lai et al., 2014; Takahashi et al., 2013). The first step of EV uptake is
attachment to the target cell [reviewed by (McKelvey et al., 2015; Mulcahy et al., 2014)],
possibly by tetraspanins (e.g., CD9, CD53, CD63, CD81 and CD82), antigen recognition
(e.g., MHC-1 and MHC-11 complexes) or other surface receptors. Bound EVs may then (a)
activate intracellular signaling pathways, (b) release their content into the cell by membrane
fusion, or (c) enter the cell via phagocytosis, macropinocytosis or receptor-mediated
endocytosis. Following internalization, the various molecules carried in EVs may be
released in the cytoplasm, delivered to lysosomes and be destroyed, or targeted to specific
locations within the cell where they may elicit a functional response. Exactly how these
mechanisms apply to different vesicles and host cells may vary; however, the process of EV
uptake appears to show some selectively (Blanchard et al., 2002; Fitzner et al., 2011; Horibe
etal., 2018).

b. miRNA Transport via Protein-miRNA complexes

In addition to EVs, miRNAs may be transported in the blood complexed with proteins.
These complexes can also enter cells and deliver miRNAs to promote target mMRNA
inhibition. Both low density (LDL) and high density (HDL) lipoproteins can transport
miRNAs in the circulation. In the case of HDL, the bound miRNAs can be taken up via class
B type | scavenger receptors and released intracellularly where they may regulate gene
expression in recipient cells (Vickers et al., 2011). In the case of miRNAs associated with
lipoproteins, changes in nutritional and metabolic state, such as hypercholesterolemia, could
alter the relative abundance of specific miRNAs complexes (Vickers et al., 2011).
Importantly, the profile of miRNAs bound to HDL differs from that found in EVs (Vickers et
al., 2011), indicating that the two are complementary and independent mechanisms of
miRNA transport.

Despite being functionally important, EV-associated and lipoprotein-bound miRNASs are just
a fraction of all the miRNAs found in circulation. In some studies, more than half of the
miRNAs found in human serum may be bound to ribonucleoproteins, including argonaute
(AGO2); however, only a fraction of these are carried exclusively by this means (Arroyo et
al., 2011). The nucleolar protein nucleophosmin 1 (NPM1) has also been found to carry and
protect extracellular miRNAs from degradation (Wang et al., 2010). It remains under debate
whether either AGO2- or NPM1-bound miRNAs can act to alter function in distal cells or
primarily are products of miRNA disposal and cell death. Prud’homme et al. have
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demonstrated internalization of AGO2-miRNA complexes into cells and found that, once
inside the cell, these miRNAs may be able to regulate mRNA levels (Prud’homme et al.,
2016). Another possibility is that RNA-binding proteins such as AGO2 and NPM1 carry
miRNAs outside the cell and facilitate their loading onto lipoproteins. As discussed above,
AGO2 has been implicated in exosome loading and may be bound to miRNAs within EVs
(Gibbings et al., 2009; McKenzie et al., 2016; Melo et al., 2014; Squadrito et al., 2014),
although a recent publication demonstrated that “classical” exosomes do not contain AGO2
(Jeppesen et al., 2019).

Regardless of their form, the presence of miRNAs in blood and other extracellular fluids has
served as a stimulus to two important avenues of research. One is the potential that
extracellular miRNAs may serve as biomarkers of disease, and the other, and even more
exciting possibility, is the potential of extracellular miRNASs to serve as a novel mode of
intercellular and intertissue communication, 7.e., extracellular miRNAs act as hormones
being produced in one cell or tissue and regulating gene expression in another. We will
discuss both aspects below.

Extracellular miRNAs as Disease Biomarkers

A biomarker is a molecule that can be used for disease detection and/or prognosis
prediction. Four of the most important features of a good biomarker are specificity,
sensitivity and stability, but also that they can be obtained in a relatively non-invasive
manner. Not surprisingly, most studies have focused on extracellular miRNAs as potential
biomarkers, since they are stable (/.e., protected from ribonucleases) (Grasedieck et al.,
2012; Mitchell et al., 2008) and can be detected in the blood, urine or other body fluids
(Weber et al., 2010) using simple, sensitive and relatively cheap assays, even after periods of
years of sample storage. Indeed, changes in levels of circulating miRNAs have been
associated with a wide range of diseases including type 2 diabetes (T2D), obesity,
cardiovascular disease, cancer, neurodegenerative disorders, and others. In addition, changes
in levels of circulating miRNAs and EVs have been shown to correlate with differences in
lifestyle activities, such as exercise (Flowers et al., 2015; Rome, 2015; Safdar et al., 2016;
Whitham et al., 2018), and the composition of gut microbiota (Beatty et al., 2014),
suggesting that extracellular miRNAs may serve as circulating indicators of the
physiological status of the individual and a tool for targeted therapies in precision medicine.

a. Methods to Isolate and Detect Extracellular miRNAs

Although the concentration of miRNAs in body fluids is relatively low, 7.e., in the
femtomolar range (Williams et al., 2013), the fact that these molecules are stable and easily
quantitated using RT-gPCR, microarrays or RNAseq allows their detection in relatively
small samples. Each of these methods has its advantages and limitations. RT-gPCR is more
sensitive and not limited by sequence-abundance bias (Dohm et al., 2008; Hansen et al.,
2010; Zheng et al., 2011), but the technique requires optimization, proper standard curves,
and ideally the inclusion of spiked-in exogenous miRNAs (Huggett et al., 2013; Mitchell et
al., 2008; Zhuang et al., 2012a). In contrast, although more expensive, microarrays and
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RNAseq allow the simultaneous detection of a multiple miRNAs, opening the possibility to
detect novel and combinatorial biomarkers.

When it comes to sensitivity and specificity in assessing extracellular miRNAs,
standardizing the fluid and the fractionation method used in isolation are key variables.
While whole serum or unfractionated biological fluids can be used for assay, most studies
use isolated EVs to avoid products of cell lysis and artifacts; however, there is considerable
variability as to the exact method used for isolation. In a database summarizing 1,226
publications, over 1,000 different protocols were used to retrieve EVs from biological fluids.
These ranged from ultracentrifugation to the use of macromolecular crowding reagents
(Consortium et al., 2017) resulting in a wide range of purity, different combinations of
vesicle types, and “contamination” with miRNA-protein complexes [reviewed in (Shurtleff
et al., 2018)]. Moreover, in most studies, the purity of the vesicle preparation was not
determined. For these reasons, it is prudent to use the more general term “extracellular
vesicle” or “EV” instead of “exosome” or “microvesicle” when referring to these various
vesicle preparations. In addition to differences in isolation method, differences in methods of
assessing the miRNAs and differences in the populations studied, as well as other factors,
can lead to variability in findings. Thus, it is not surprising that there are examples of
circulating miRNAs reported to be dysregulated in disease in one study but not in others.
Despite this, there is a growing body of evidence associating changes in extracellular
miRNAs with different disease states supporting their link to pathophysiology (reviewed
below and Table 1).

b. Disease-Associated Extracellular miRNAs

Obesity.—Several miRNAs have been found to be altered in the circulation of obese
patients or obese animals, including miR-122, miR-142-3p, miR-192, miR-222, and
miR-378a which are upregulated, and miR-138 and miR-221 which are downregulated (Can
et al., 2016; Castano et al., 2018; Hsieh et al., 2015; Jones et al., 2017; Nunez Lopez et al.,
2016; Ortega et al., 2013; Pescador et al., 2013; Villard et al., 2015; Wang et al., 2015;
Willeit et al., 2017; Wu et al., 2015). These changes are accompanied by an increase in the
levels of circulating EVs in obesity or type 2 diabetes (T2D) (Campello et al., 2016; Castano
etal., 2018; Li et al., 2016; Stepanian et al., 2013), in part via an increase in EV secretion by
adipocytes (Flaherty et al., 2019). Indeed, among tissues contributing to circulating
miRNAs, adipose tissue is thought to play an important role (Thomou et al., 2017; Ying et
al., 2017). The level of expression of multiple miRNAs and their target genes is altered in
adipocytes in obesity and lipodystrophy (Arner et al., 2012; Arner and Kulyte, 2015;
Heneghan et al., 2011; Meerson et al., 2013; Mori et al., 2012; Mori et al., 2014; Oliverio et
al., 2016; Ortega et al., 2010; Torriani et al., 2016), and this may be reflected by changes in
extracellular miRNAs. For example, miR-222 is a negative regulator of insulin sensitivity in
adipocytes, reducing ERa expression and GLUT4-mediated glucose uptake (Shi et al.,
2014). It also leads to insulin resistance in hepatocytes, where it targets insulin receptor
substrate 1 (IRS1) (Ono et al., 2018). In obesity, miR-222 levels are increased in blood
(Ortega et al., 2014, Villard et al., 2015), adipose tissue (Chartoumpekis et al., 2012; Xie et
al., 2009) and liver (Ono et al., 2018). In blood, this miRNA is found both in EVs and
associated with HDL (Santangelo et al., 2018; Sohn et al., 2015; Vickers et al., 2011).
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Liver may also contribute to the pool of circulating miRNAs during the metabolic syndrome.
miR-122 is a liver-enriched miRNA involved in regulation of fatty acid oxidation and
cholesterol biosynthesis (Esau et al., 2006; Krutzfeldt et al., 2005). Circulating levels of
miR-122 are positively associated with fatty liver disease, T2D, obesity and atherosclerosis
(Jiang et al., 2014; Jones et al., 2017; Pirola et al., 2015; Wang et al., 2015; Willeit et al.,
2017). miR-122 has been found bound to AGO2 in serum (Arroyo et al., 2011), as well as in
circulating EVs (Castano et al., 2018). Interestingly, in mice with experimental
hepatosteatosis the EV-associated fraction of miR-122 increases, while the AGO2-bound
fraction is reduced (Povero et al., 2014), indicating that compartmentalization of these
miRNAs may be altered by disease. Furthermore, lean mice injected repeatedly with EVs
loaded with mimics of obesity-related miRNAs, such as miR-122, miR-192, miR-27a, and
miR-27b, develop insulin resistance and dyslipidemia (Castano et al., 2018), suggesting that
these miRNAs play a causal role in the pathophysiology of obesity.

Type 2 diabetes.—In addition to the circulating miRNAs associated with obesity which
may be linked to insulin resistance, many extracellular miRNAs have been associated with
T2D (Table 1), including miR-375, miR-223 and miR-155.

miR-375 is highly enriched in pancreatic islets where it suppresses glucose-stimulated
insulin secretion by targeting myotrophin (MTPN), a protein involved in fusion of insulin-
containing granules with the plasma membrane (Poy et al., 2004; Xia et al., 2011), and 3-
phosphoinositide-dependent kinase 1 (PDK1), a key molecule in insulin’s metabolic
signaling pathway (EI Ouaamari et al., 2008). In addition, miR-375 participates in p-cell
differentiation and islet development (Kloosterman et al., 2007; Lahmy et al., 2014; Nathan
et al., 2015). miR-375 levels are increased in pancreatic islets from diabetic patients (Zhao et
al., 2010), and several, but not all, studies have found elevated blood levels of miR-375 in
T2D patients compared to non-diabetics (Al-Muhtaresh and Al-Kafaji, 2018; Higuchi et al.,
2015; Karolina et al., 2012; Kong et al., 2011; Latreille et al., 2015; Sun et al., 2014; Zhu
and Leung, 2015). While these reports have only analyzed whole plasma/serum, miR-375 is
thought to be both carried in EVs (Bryant et al., 2012; Zaharie et al., 2015) and associated
with HDL (Vickers et al., 2011), although the proportions in each fraction remain unknown.

miR-223 is reduced in blood from T2D patients compared to healthy controls and has been
predicted in a meta-analysis to serve as a biomarker for T2D (Liang et al., 2018).
Importantly, miR-223 is reduced in individuals up to 10 years prior to diagnosis of disease
(Zampetaki et al., 2010) and is also reduced in obese patients (Wen et al., 2015). This
reduction in miR-223 is believed to contribute to the increased adipose tissue inflammation
observed in obesity, since miR-223 can inhibit inflammation by targeting NLRP3 (Nod-like
receptor pyrin domain containing 3), a component of the inflammasome, and IL-1p
production, a component of M1-like macrophage activation (Haneklaus et al., 2012).
miR-223 downregulation also controls macrophage differentiation, primes the response of
macrophages to proinflammatory stimuli (Li et al., 2010) and leads to M1-like macrophage
polarization (Zhuang et al., 2012b). Accordingly, miR-223 knockout mice show severe
insulin resistance and adipose tissue inflammation (Zhuang et al., 2012b). In the circulation
miR-223 is found associated with EVs, HDL and AGO2 (Arroyo et al., 2011; Ismail et al.,
2013; Vickers et al., 2011).
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miR-155 is reduced in serum of prediabetic and T2D patients (Liang et al., 2018; Lin et al.,
2016; Nunez Lopez et al., 2016), while it is upregulated in diabetic kidneys and retinal
endothelial cells (Huang et al., 2014; Kovacs et al., 2011). This miRNA is sensitive to
inflammation as adipose tissue macrophages from obese mice or LPS-induced macrophages
or adipocytes treated with conditioned medium from pro-inflammatory macrophages have
high miR-155 levels (Ortega et al., 2015; Ying et al., 2017). Indeed, miR-155 can be
released in EVs from adipose tissue macrophages and transferred to other cell types such as
adipocytes, myotubes or hepatocytes, where it worsens insulin resistance (Ying et al., 2017).

Cardiovascular Disease and Metabolic Syndrome.—Several miRNAs linked to T2D
and obesity are also associated with cardiovascular disease (CVD), which is a major cause
of morbidity and mortality in the elderly and in patients with metabolic syndrome. Thus,
miR-92a, miR-126, and miR-222 are reduced, while miR-21, miR-122, miR-130a, miR-150,
and miR-211 are elevated in the blood of patients with atherosclerosis (Jiang et al., 2014;
Olivieri et al., 2012; Zhang et al., 2010). Another miRNA associated with cholesterol
homeostasis is miR-223. In addition to its function in adipose tissue inflammation (see
above), this miRNA is involved in the regulation of cholesterol synthesis and uptake
(Vickers et al., 2014). miR-223-containing EVs have been shown to penetrate the vascular
wall and decrease plaque size by inhibiting vascular smooth muscle cell proliferation and
migration (Shan et al., 2015). Circulating miR-223 is elevated in mice and humans with
atherosclerosis (Keller et al., 2017; Schulte et al., 2015; Shan et al., 2015), possibly as a
compensatory mechanism to reduce cholesterol levels and plaque size. In combination with
other miRNAs, miR-223 may predict the risk of cardiovascular events and mortality (Keller
etal., 2017; Shan et al., 2015; Zampetaki et al., 2012). By contrast, circulating miR-30c is
inversely correlated with cholesterol levels and plaque development in humans (Ceolotto et
al., 2017). Mechanistically, miR-30c has been shown to attenuate inflammation (Ceolotto et
al., 2017) and reduce hyperlipidemia in mice by inhibiting microsomal triglyceride transfer
protein MTP (Soh et al., 2013).

A number of circulating miRNAs have also been associated with coronary artery disease.
These include decreased levels of miR-126, miR-17, miR-92a, miR-145 and miR-155; and
increased levels of miR-320a, miR-133a and miR-208a (Chen et al., 2015; Fichtlscherer et
al., 2010). The compartmentalization of circulating miR-126 is important in its disease
association, given that EVs containing miR-126, but not the circulating vesicle-free fraction
of this miRNA, can predict the occurrence of cardiovascular events in patients with CVD
(Jansen et al., 2014). miR-126 bound to AGO2 modulates smooth muscle gene expression
and promotes a proatherogenic phenotype in smooth muscle cells (Zhou et al., 2013),
whereas miR-126 in apoptotic bodies produced by endothelial cells in the course of
atherosclerosis reduces atherosclerotic plaque formation in mice (Zernecke et al., 2009).
miR-320a, on the other hand, is highly expressed in cardiomyocytes, endothelium and
vascular smooth muscle cells, where it targets the IGF-1 signaling pathway and impairs
angiogenesis and vascular remodeling (Chen et al., 2015; Goren et al., 2012; Ling et al.,
2013; Wang et al., 2014; Wang et al., 2009).
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Aging and Other Age-Related Diseases.—Aging is characterized by progressive
dysfunction of multiple organs and tissues within an organism and is associated with
increased risk of many diseases including T2D and metabolic syndrome (Kirkman et al.,
2012). Dysregulated nutrient sensing and altered intercellular communication are hallmarks
of aging (Lopez-Otin et al., 2013) and reflect dysfunction in whole-body metabolic
homeostasis. In general, aging and senescence is characterized by downregulation of
miRNA biogenesis. This occurs at the level of the whole organism (de Lencastre et al., 2010;
Ibanez-Ventoso et al., 2006) and in several tissues, including adipose tissue, blood, kidney,
brain vasculature and stem cells (Mori et al., 2012; Nidadavolu et al., 2013; Noren Hooten et
al., 2010; Oliverio et al., 2016; Ungvari et al., 2013), although some studies reported overall
upregulation of miRNAs in liver, brain and serum (Dhahbi et al., 2013; Li et al., 2011; Maes
et al., 2008). Several of these differentially expressed miRNAs have been causally linked to
lifespan extension in both invertebrates and vertebrates (Caravia et al., 2018; Du et al., 2014;
Mori et al., 2012; Shen et al., 2012; Smith-Vikos and Slack, 2012).

Many miRNAs have been reported to differ in abundance in comparisons of serum, plasma
and saliva samples from human donors of different ages (Ameling et al., 2015; Machida et
al., 2015; Noren Hooten et al., 2013; Olivieri et al., 2014; Olivieri et al., 2012; Zhang et al.,
2015), however these alterations have not been found consistently across studies reflecting
possible environmental influences, methodological differences and/or the presence of
undiagnosed diseases among the individuals studied. Despite the differences, increases in
miR-126, miR-21 and miR-30c have been found in the circulation of elderly people in
multiple studies (Ameling et al., 2015; Noren Hooten et al., 2013; Olivieri et al., 2014;
Olivieri et al., 2012). The exact role of these changes in circulating miRNAs in the biology
of aging remains unclear and needs further exploration.

Circulating miRNAs have been also proposed as biomarkers for detection and predicting
prognosis of other age-related disorders linked to metabolism including neurodegenerative
diseases, such as Alzheimer’s and Parkinson’s diseases, and cancer. While this topic is too
extensive to review here, some of the miRNAs reproducibly linked to neurodegenerative
diseases are listed in Table 1. The use of circulating miRNAs in detection and prognosis of
cancer has also been the subject of many studies and been already reviewed (Anfossi et al.,
2018; Fendler et al., 2016; He et al., 2015; Nedaeinia et al., 2017; Wong et al., 2018).

Extracellular miRNAs as Housekeepers of Metabolic Homeostasis

Adipose tissue, immune cells, pancreatic islets and many other cells linked to metabolic
disease are known to secrete significant amounts of miRNAs both in EVs and in other forms.
These miRNAS may, in turn, act in a paracrine or autocrine manner or reach the circulation
to act in an endocrine manner. A list of extracellular miRNAs with their donor cells,
recipient cells, target genes and disease association is presented in Table 2. The most
relevant sites of systemic regulation via extracellular miRNAs are summarized below and in
Figure 2.
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Adipose tissue.

In addition to its role in storing energy as triglycerides, adipose tissue is well known for its
role in maintaining organismal homeostasis by secreting molecules that integrate whole-
body metabolism. These molecules include adipose-derived hormones (known as
adipokines) (Cao, 2014; Choi and Cohen, 2017; Stern et al., 2016), signaling lipids (Cao et
al., 2008; Lynes et al., 2017; Stanford et al., 2018; Yore et al., 2014), inflammatory
mediators (Brestoff and Artis, 2015; Glass and Olefsky, 2012; Mathis, 2013), and miRNA-
containing EVs. The fact that adipose tissue contributes significantly to the pool of
circulating miRNAs is evidenced by the finding that fat-specific knockout of the key miRNA
processing enzyme Dicer (ADicerKO) results in significant decreases in about two-thirds of
the circulating exosomal miRNAs (Thomou et al., 2017). Likewise, patients with various
forms of lipodystrophy have major alterations in circulating exosomal miRNAs. Importantly,
miRNAs secreted by adipose tissue have been shown to reach organs like liver and muscle,
where they can modulate gene and protein expression (Thomou et al., 2017; Ying et al.,
2017).

One example of an adipose tissue-derived circulating miRNA contributing to the control of
metabolic homeostasis in an endocrine manner is the regulation of liver FGF21 by adipose
tissue-derived miR-99b (Thomou et al., 2017). Thus, ADicerKO mice have reduced levels of
miR-99b in circulating EVs and upregulation of Fgf21 mRNA and 3’UTR-reporter activity
in liver, both of which can be significantly corrected by administering EVs loaded with
miR-99b into the circulation. Consistent with this being part of a more generalized
mechanism, AdicerKO mice exhibit a wide range of phenotypes reflecting dysfunction in
other tissues, including muscle, b-cells and bone, as well as systemic insulin resistance
(Mori et al., 2014; Reis et al., 2016). Which circulating exosomal miRNAs are potentially
involved in these other phenotypes remains to be determined.

Other studies have shown that miRNAs in adipose-derived EVs may also serve a paracrine
function. Thus, EVs released from large adipocytes containing miR-16, miR-27a, miR-146b
and miR-222 can be transferred to small adipocytes to stimulate lipogenesis and adipocyte
hypertrophy (Miller et al., 2011). Secretion of these miRNASs by adipocytes is induced by
free fatty acids and H,O,, and is upregulated in the serum of old vs. young mice (Miiller et
al., 2011), suggesting that signals that promote lipid accumulation and insulin resistance
may spread from insulin resistant adipocytes to newly formed adipocytes via adipocyte-
secreted miRNAs.

Consistent with a potentially important role of adipose-secreted miRNAs in control of
systemic metabolism is the finding that the circulating levels of miRNAs known to be
secreted by adipose tissue have been associated with the pathophysiology of obesity- and
age-related metabolic diseases (discussed above and listed in Table 1). Likewise,
amelioration of metabolic dysfunction by weight loss may be explained, at least in part, due
to changes in circulating miRNAs. Importantly, multiple adipose tissue-derived circulating
miRNAs (identified by affinity purification of extracellular particles containing adipose-
specific protein FABP4) are significantly changed in obese individuals one year after
bariatric surgery (Hubal et al., 2017). These miRNAs are predicted to target components of
the WNT/beta-catenin and insulin signaling pathways. Among the differentially expressed
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miRNAs after bariatric surgery, let-7a and miR-16 have targets involved in insulin receptor
signaling, and the levels of these miRNAs correlate with the levels of branched-chain amino
acids (BCAA), suggesting that they may be linked to systemic insulin resistance (Hubal et
al., 2017). Modulation of WNT/beta-catenin and TGF-p signaling pathways is also a
predicted mechanism of miRNAs differentially expressed in circulation of obese vs. lean
subjects (Ferrante et al., 2015). For example, hepatoma cells treated with EVs isolated from
adipocytes of obese donors exhibit changes in gene expression of components of the TGF-p
signaling pathway (Koeck et al., 2014). Given previous reports relating TGF-f to fibrosis
and late stages of non-alcoholic fatty liver disease (NAFLD) (Liu et al., 2016), these
secreted miRNAs may serve as a mechanism of adipose tissue-liver crosstalk in response to
metabolic dysregulation and contribute to NAFLD.

These adipose-derived miRNAs may be part of more complex regulatory loops. For
example, TGF-B acts to induce miR-130b secretion from mature adipocytes, and this
miRNA can then be transferred to muscle cells where it has been shown to reduce the
expression of PGC-1a, thus controlling muscle oxidative metabolism (Wang et al., 2013).
Skeletal muscle is also responsive to miR-20b - a miRNA that inhibits insulin-stimulated
glycogen accumulation and is upregulated in serum EVs of T2D patients (Katayama et al.,
2018). miR-27a, which is present in adipose-derived EVs and taken up by muscle cells, has
been shown to induce insulin resistance via PPARy repression (Yu et al., 2018). Serum
levels of miR-27a are positively associated with obesity and insulin resistance in humans
and mice indicating that miR-27a may be another modulator of obesity-associated insulin
resistance (Yu et al., 2018).

Low-grade inflammation in adipose tissue and liver is a common feature of obesity and
metabolic syndrome (Franceschi et al., 2018; Hotamisligil, 2017; Mori et al., 2010;
Odegaard and Chawla, 2013). This is characterized by a polarization of adipose tissue
macrophages towards the M1-like phenotype and increased proinflammatory cytokine
production (Castoldi et al., 2015; Lackey and Olefsky, 2016; Shapouri-Moghaddam et al.,
2018). Mice injected with EVs secreted from the adipose tissue of obese mice develop
increased levels of the circulating proinflammatory cytokines IL-6 and TNF-a and insulin
resistance (Deng et al., 2009). The proposed mechanism involves monocyte differentiation
and macrophage activation through the TLR4 pathway (Deng et al., 2009). This appears to
be controlled, in part, by miR-155 that can target SOCS1 in macrophages, thus promoting
STAT1 and suppressing STAT6 signaling, thereby inducing M1-like macrophage
polarization (Zhang et al., 2016). Similarly, when bone marrow-derived macrophages are
pretreated with EVs secreted by adipocytes of obese mice, these macrophages secrete
molecules that inhibit insulin signaling in myocytes or adipocytes (Deng et al., 2009; Zhang
et al., 2016). Whether these molecules are cytokines or a second layer of EVs derived from
the macrophages is unclear, but EVs obtained from adipose tissue macrophages of obese
mice are able to induce insulin resistance when administrated to lean mice or incubated /n
vitro with adipocytes, myocytes or hepatocytes (Ying et al., 2017).

Among the miRNAs increased in EVs secreted by adipose tissue macrophages of obese
mice is miR-155, a miRNA that downregulates PPARy. Knockout of miR-155 in high fat
diet-fed mice results in improved insulin sensitivity, and this is reversed by bone marrow
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transplantation from wild-type mice (Ying et al., 2017). On the other hand, another group
found impaired glucose tolerance and insulin resistance in miR-155 knockout mice fed chow
diet (Lin et al., 2016). Thus, the role of miR-155 may be more complex than believed. Also,
no differences in glucose uptake or adipocyte differentiation were observed when adipocytes
or preadipocytes were exposed to EVs derived from LPS-activated macrophages (De Silva et
al., 2018). Likewise, miR-155 is not upregulated in EVs secreted by LPS-activated
macrophages, suggesting that different pro-inflammatory stimuli (e.g., obesity vs. LPS) can
lead to differential loading of EVs, which in turn may differentially affect their target tissues.

Along this line, EVs secreted by adipose-derived stem cells (ADSCs) from lean mice can
lead to polarization of macrophages towards an anti-inflammatory M2-like phenotype (Zhao
etal., 2017). Likewise, ADSC-released EVs obtained from lean individuals are enriched in
miR-126 (Togliatto et al., 2016), and this is mechanistically associated with the pro-
angiogenic potential of these vesicles in comparison to ADSC-released EVs isolated from
obese individuals (Togliatto et al., 2016). Finally, EVs secreted by endothelial cells may also
be involved in adipose tissue intercellular communication and macromolecule exchange, and
this process can be regulated by feeding and fasting (Crewe et al., 2018).

Taken together, these data indicate that adipose tissue-secreted EVs containing miRNA may
arise from different cells within the fat pad and be differentially regulated by various stimuli.
Likewise, once they enter the blood or extravascular space, they have the ability to act on
other cells within the fat pad or tissues at a distance, such as liver, muscle and hematopoietic
cells, to coordinate metabolic homeostasis and energy balance. Thus, adipose tissue-derived
miRNAs may therefore contribute broadly to the pathophysiology of metabolic diseases.

Pancreatic islet cells may control metabolism not only via secretion of insulin and glucagon,
but also by secretion of miRNAs. Primary islet cells and B-cell-derived MING cells have
been shown to release specific miRNAs within EVs in response to stimuli that induce insulin
secretion (Zhang et al., 2018). For example, miR-223 is increased in serum, islets, liver and
skeletal muscle of obese ob/0b mice in comparison to their lean controls. Interestingly, levels
of its precursor, pri-miR-223, are increased only in islets, suggesting that islets are the likely
source of the elevated levels of mature miR-223 in circulation and other tissues (Zhang et
al., 2018). Studies on the potential function of miR-223 have yielded conflicting results,
however, miR-223 has been shown to bind to the 3’'UTR of G/ut4 mRNA and downregulate
GLUT4 in adipose tissue (Chuang et al., 2015) while promoting GLUT4 expression in
cardiomyocytes (Lu et al., 2010).

Circulating miRNAs may also act on b-cells. For example, miR-155, miR-142-3p and
miR-142-5p may be transferred from T-lymphocyte-derived EVs to p-cells, leading to
activation of inflammatory pathways, apoptosis and development of insulin-deficient
diabetes (Guay et al., 2019). Taken together, these studies suggest that islets could co-secrete
miRNAs along with insulin, which could modulate insulin action in target tissues, while
peripheral cells could send signals back to islets via EVs containing miRNAs.
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Cardiovascular system.

EVs secreted by human monocytes after a proinflammatory challenge have high levels of
miR-150 (Zhang et al., 2010). Incubation of microvascular endothelial cells with these EVs
downregulates the miR-150 target gene c-Myb, a transcription factor involved in endothelial
cell migration (Kopecki et al., 2007; Xiao et al., 2007; Zhang et al., 2010; Zhang et al.,
2010b). Conversely, overexpression of miR-150 /n vitro induces endothelial cell migration,
and this effect can be mimicked by incubation with EVs from plasma of patients with
atherosclerosis, which also have increased levels of miR-150 (Zhang et al., 2010). In
addition to this crosstalk between monocytes and endothelial cells via miR-150, EVs from
vascular smooth muscle cells have been shown to facilitate transfer of miR-155 to
endothelial cells, affecting integrity of the endothelial barrier by decreasing levels of tight
junction proteins (Zheng et al., 2017). EVs secreted by endothelial cells exposed to oxidized
LDL have increased levels of miR-155, a miRNA that shifts macrophage polarization from
the M2-like phenotype towards the pro-inflammatory M1-like phenotype (He et al., 2018;
Zhang et al., 2016). In addition, changes in the levels of miR-126 in both serum and heart
have been suggested to play a role in cardiac dysfunction by affecting the expression of
MCP-1 and VCAM-1 (Chen et al., 2017). Together these processes could alter endothelial
function and promote atherosclerosis.

Central nervous system.

There is growing evidence that circulating EVs may play a role in intertissue communication
by crossing the ependymal layer and the blood brain barrier (BBB) to act on the central
nervous system (Matsumoto et al., 2017). For instance, intranasal administration of serum-
derived EVs containing miR-219 to aged rats results in increases in myelin content in the
central nervous system (Pusic and Kraig, 2014). Neurodegenerative diseases which alter
BBB permeability could facilitate the exchange of circulating miRNAs from the brain to the
blood and vice-versa [reviewed in (Sweeney et al., 2018)]. Evidence has also been presented
for transport of EVs across the BBB by a transcytosis mechanism (Chen et al., 2016).

Many extracellular miRNAs have been implicated in neurodegenerative diseases as disease
biomarkers, although their role in pathophysiology of these disorders is uncertain. Zhang et
al. demonstrated that aging impairs secretion of EV miRNAs by hypothalamic stem cells
and that intracerebroventricular injection of EVs produced by these cells slows hypothalamic
aging (Zhang et al., 2017b). EVs containing miRNAs have also been implicated in crosstalk
between neurons, astrocytes, microglia and endothelial cells [reviewed by (Zagrean et al.,
2018)]. For example, Huang et al. found increased levels of miR-124 in microglial EVs after
brain injury and observed that this miRNA inhibits neuronal inflammation and promotes
neurite outgrowth via transfer to neurons (Huang et al., 2018). Further studies will be
required to fully define the role of extracellular miRNAs in brain function, development and
degeneration, and to what extent peripherally produced EVs may act on the brain.
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Challenges and Perspectives

a. Finding the source and mechanism of regulation of extracellular miRNAs

Although there is a growing body of evidence for a role of extracellular miRNAs in
intercellular and intertissue communication, a major challenge in the field is determining the
contribution of each tissue to the circulating miRNA pool /n vivo, and how this might be
modified in response to physiological changes or disease. It is also not clear why some
miRNAs are preferentially loaded into EVs or onto carrier proteins for secretion, while
others are retained in the cell; how circulating miRNAs in different forms differ in half-life,
clearance or cellular uptake; and how all of these processes are regulated at a physiological
level. In addition, our understanding of the degree to which these mechanisms contribute to
normal physiology and disease pathophysiology remains far from complete.

For adipose tissue, a major contributor for the circulating miRNA pool, nutrient availability,
[B-adrenergic stimulation and cold exposure regulate miRNA biogenesis and secretion of
EVs [our unpublished data and (Chen et al., 2016; Crewe et al., 2018; Mori et al., 2012;
Mori et al., 2014; Oliverio et al., 2016; Reis et al., 2016; Torriani et al., 2016)]. Similarly,
exercise can stimulate release of EVs containing miRNAs that can act on other tissues to
enhance metabolic effects (Safdar and Tarnopolsky, 2018). To the extent that changes in
miRNA biogenesis are coupled with EV secretion, these observations could reflect a
mechanism to replenish the tissue with more miRNAs upon secretion or to control the
abundance of miRNAs loaded in EVs. The clearest link that changes in miRNA biogenesis
in adipose tissue significantly affect the levels of circulating miRNAs is found in individuals
with HIV-associated lipodystrophy in whom reduced levels of D/CER1 in adipose tissue
lead to reduced serum levels of multiple exosomal miRNAs (Mori et al., 2014; Thomou et
al., 2017; Torriani et al., 2016). While adipose tissue-derived miRNAs have been shown to
suppress target mRNAs in distal tissues, such as the liver (Thomou et al., 2017), the full role
of this form of intertissue communication in physiology and pathophysiology remains to be
elucidated.

b. Defining targets and function of extracellular miRNAs

Current studies have focused on determining the target selectivity and mechanisms of action
of extracellular miRNAs, 7.e, if they have preferential target cells, specific mechanisms of
delivery, etc. It is also of importance to determine how these miRNAs manage to avoid
degradation in the recipient cell and become functional. Indeed, considering the relatively
small amounts of miRNAs carried by EVs in circulation in comparison to the amounts found
within the cells (Chevillet et al., 2014), it seems likely that there is some mechanism of
selective delivery, such that miRNAs which enter their target cells are able to promote gene
silencing.

As noted above, miRNAs can be carried in different forms in the circulation. Also, different
types of extracellular particles may be taken up by cells differently (Horibe et al., 2018;
McKelvey et al., 2015), and this could affect both effectiveness of entry and which miRNAs
will remain active in the host cell. Proteins located on the EV membrane and the host cell
membrane are thought to determine host cell selectivity and the mechanism of EV uptake,
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although details of this mechanism and how this varies from cell to cell is not clear
(McKelvey et al., 2015). Whatever the mechanism(s), this could determine the fate of the
EV content, whether released into the cytoplasm, loaded into intracellular vesicles or
degraded in lysosomes. Hence, effects on intercellular communication may depend on what
receptors mediate the internalization of the EVs or protein/lipoprotein/lipid-bound small
RNAs.

c. Using extracellular miRNAs as biomarkers

While extracellular miRNAs have great potential as biomarkers of disease, important
confounding factor in their utility are the wide variety of methods used to isolate miRNAs
from body fluids, limitations of identifying the form in which they are carried and, most
importantly, determining their source. About half of the publications in the field use
ultracentrifugation as the primary method of EV isolation, but most of these studies differ in
details of the protocol, which may be important in the ultimate nature of the fraction being
isolated (Consortium et al., 2017). The second, and increasingly common, method to isolate
EVs is through addition of macromolecular crowding reagents like polyethylene glycol.
While both methods are subject to contamination by EVs of different kinds, as well as
lipoproteins and high molecular weight protein complexes, contamination appears to be
worse with the latter technique (Bobrie et al., 2012; Shurtleff et al., 2018). An alternative
approach to minimize contaminants is to combine isolation methods with density gradient-
based fractionation, size-exclusion chromatography, tangential flow filtration or magnetic
beads targeting commonly found exosome markers, such as tetraspanins (Busatto et al.,
2018; Haraszti et al., 2018; Jeppesen et al., 2019; Murillo et al., 2019). While these
combinatorial methods may result in purer vesicle subtypes, they require larger volumes of
blood, limit the amount of miRNA for analysis, are difficult to apply in large-scale studies,
clinical trials or diagnostic assays, and may select only a subset of circulating miRNAsS.
Hopefully with more specific and standardized methods for isolation of miRNA containing
EVs or protein complexes, and with techniques to identify EVs based on their tissue of
origin and their surface protein patterns, circulating miRNAs in these different forms will
provide more robust biomarkers of pathophysiological conditions and serve as accurate
diagnosis tools.

d. Extracellular miRNAs in therapeutics

In the area of therapeutics, there are a number of potential benefits for considering the use of
miRNA-containing complexes. Given the relatively easy access to these complexes,
particularly circulating EVs, one could envision collecting EVs from healthy donors and
injecting in patients to treat disease (Figure 3). The possibility of modifying the isolated EVs
with exogenous miRNA mimics or anti-miRs, as well as targeting molecules on their
surface, provides an opportunity to use EVs as carriers of specific miRNA molecules to
specific tissues. In some cases, it is worth asking to what extent purified EVs might be
sufficient to confer the positive effects of cell therapy. For example, adipose stem cell
(ADSC)-derived EVs containing high levels of miR-181b are sufficient to induce
angiogenesis (Yang et al., 2018) and may explain why ADSC transplantation is beneficial
for amelioration of several cardiovascular complications (Suzuki et al., 2015). Likewise,
miR-181b in cardiac stem cell-derived EVs (de Couto et al., 2017) and embryonic stem cell-
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derived EVs (Caspi et al., 2007; Chong et al., 2014; Khan et al., 2015) protect the heart after
myocardial infarction. The latter appears to be mediated in part by miR-294 and is
accompanied by increased cardiac neovascularization, improved cardiac function, and
increased cardiac stem cell proliferation (Khan et al., 2015). Given the easy access to EV
donors and straight forward techniques to manipulate their content and delivery, we envision
EV-mediated therapy as a breakthrough in pharmacology.

One could also target easily accessible tissues, like adipose tissue, to produce therapeutic
miRNAs which are secreted in EVs and act on tissues at a distance. Since adipose tissue is
efficient in loading miRNAs into EVs, which are well taken up by liver (and perhaps other
tissues), this could provide a novel way to manipulate gene expression in these target tissues
without directly introducing genetic modifications in them. This would also have the
advantage that the modified adipose tissue could always be removed if any adverse effect
was observed from the gene therapy.

Conclusions

Even though the field is still young, the concept of extracellular miRNAs as a physiological
mechanism of intercellular communication is exciting and gaining traction, as is the prospect
of using extracellular miRNAs to better stage disease as well as for treatment. Developing
proper tools and standardized methodology to assess miRNA transport and delivery are the
bottlenecks in the field, but these are likely to be overcome in the next few years.
Overcoming these hurdles will bring the field to another level — one in which specific
extracellular miRNAs can be viewed as biomarkers of different physiological and
pathophysiological conditions, and miRNAs within exosomes or other EVs can be used to
treat diseases in a specific and efficient manner.
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Figure 1. Intercellular communication via miRNAs.
RNAP 11, RNA polymerase Il. RISC, RNA-induced silencing complex. EVs, extracellular

vesicles.
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Examples of miRNAs that play a role in intercellular communication.
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Figure 3. Therapeutic perspectives for extracellular miRNAs.
Circulating EV-associated miRNAs are profiled in patients to identify differentially

expressed molecules. These candidates are tested in pre-clinical studies and miRNAs that
play a role in disease are selected for clinical trials. Clinically relevant miRNA mimics or
antimiR molecules are loaded into the patient’s own EVs and reinjected in the blood stream
to restore EV miRNA levels to normal.
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Table 1:

Association of circulating miRNAs with metabolic and age-related diseases.
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Disease mMiRNA Direction Species Reference
Type 2 diabetes ~ miR-126 Decreased ~ Human/Mouse  (Olivieri et al., 2014; Ortega et al., 2014; Zampetaki et al., 2010; Zhu and
Leung, 2015)
miR-142-3p  Increased Human (Ortega et al, 2014; Zhu and Leung, 2015)
miR-146a Increased Human (Kong et al., 2011; Nunez Lopez et al., 2016; Rong et al., 2013)
miR-155 Decreased Human/ (Liang et al, 2018; Lin et al., 2016; Nunez Lopez et al, 2016)
Mouse/Rat

miR-223 Decreased Human (Liang et al, 2018; Zampetaki et al, 2010; Zhu and Leung, 2015)
miR-375 Increased Human/Mouse %ilgSl;Chi et al, 2015; Kong et al, 2011; Sun et al, 2014; Villard et al,

Obesity miR-122 Increased  Human/Mouse g((:)is%t)ano etal, 2018; Jones et al, 2017; Wang et al, 2015; Willeit et al,
miR-138 Decreased Human (Pescador et al, 2013; Wu et al, 2015)
miR-142-3p  Increased Human (Ortega et al, 2013; Villard et al, 2015)
miR-192 Increased Human/Mouse (Castano et al, 2018; Jones et al, 2017)
miR-221 Decreased Human/Mouse (Hsieh et al, 2015; Villard et al, 2015)
miR-222 Increased Human (Ortega et al, 2013; Villard et al, 2015)
miR-378a Increased Human/Mouse (Can et al, 2016; Jones et al, 2017)

Cardiovascular miR-92a Decreased Human (Fichtlscherer et al, 2010; Jiang et al, 2014)

disease
miR-126 Decreased Human (Fichtlscherer et al, 2010; Jansen et al, 2014)
miR-223 Increased Human/Mouse (Schulte et al., 2015; Shan et al., 2015)
miR-320a Increased Human (Chen et al., 2015; Goren et al, 2012)

Alzheimer’s let-7d Decreased Human (Kumar et al., 2013; Leidinger et al., 2013; Tan et al, 2014)

disease
miR-125b Decreased  Human/Mouse g(gi\g)mberti etal, 2014; Hong et al., 2017; Jia and Liu, 2016; Lugli et al,
miR-342 Decreased Human (Cheng et al, 2015; Lugli et al, 2015; Tan et al, 2014)

Parkinson’s miR-19b Decreased  Human/Mouse  (Botta-Orfila et al, 2014; Rosas-Hernandez et al, 2018)

disease
miR-29a/c Decreased Human g%iilt)et al, 2017; Botta-Orfila et al, 2014; Ma et al, 2016; Margis et al,
miR-133b Decreased Human/Mouse (Rosas-Hernandez et al, 2018; Zhang et al, 2017a; Zhao et al, 2014)
miR-214 Decreased Human (Dong et al, 2016; Ma et al, 2016)
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Intercellular crosstalk by extracellular miRNAs.

Table 2.

n.d., not determined. BCAA, branched chain amino acids. a, predicted.

miRNA

miR-16
miR-27a
miR-146b
miR-222
miR-16
let-7a

miR-21
miR-27a
miR-99b
miR-124

miR-126
miR-126

miR-126

miR-130b
miR-150

miR-155

miR-155

miR-155

miR-155

miR-181b
miR-181b

miR-214

miR-219

miR-294

Donor cell

Large adipocytes

Adipocytes

Cardiac stem cells
Adipocytes
Adipocytes

Microglia

Endothelial cells

Adipose-derived stem
cells

Peripheral blood
mononuclear cells

Adipocytes

Monocytes

Vascular smooth
muscle cells

Vascular endothelial
cells

Adipocytes

Macrophages

Cardiac stem cells

Adipose-derived stem
cells

Bone morrow stem
cells

n.d.

Embryonic stem cells

Recipient cell

Small adipocytes

n.d.

Cardiomyocytes
Skeletal muscle cells
Hepatocytes

Neurons

Cardiomyocytes

Endothelial cells

Human aortic
endothelial cells

Muscle cells

Vascular endothelial
cells

Vascular endothelial
cells

Macrophages

Macrophages

Adipocytes, Myocytes
and Hepatocytes

Macrophages

Brain microvascular
endothelial cells

Cardiac stem cells

Oligodendrocyte
precursor cells

Cardiac stem cells

Target
n.d.

Insulin
signaling
pathway?

PDCD4

PPARYy

FGF21

PDE4B

MCP1 VCAM1
SPRED1

PIBKR2

PGCla
c-Myb

Z0-1

n.d.

SOCs1

PPARY

PKC8
TRPM7

CaMKIlI

NEUROD1
PDGFRa
ELOVL7

n.d.

Function

* Lipid storage

Associated with blood
BCAA levels

| Apoptosis
* Insulin resistance
™ Glucose intolerance

{ Inflammation
T Neurite outgrowth

| Cardiac hypertrophy

T Angiogenesis
* Angiogenesis

I Oxidative metabolism

* Cell migration

* Endothelial permeability
* Atherosclerosis

1 M1 polarization
T Atherosclerosis

* M1 polarization
 Insulin resistance

* Insulin resistance

T Cardioprotection
T Angiogenesis
| Oxidative stress
| Apoptosis
T Myelination

* Survival
1 Proliferation
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