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“Extraordinary claims require extraordinary 
evidence.” Carl Sagan

Multicellular organisms are composed of diverse cell 
types that rely on receiving signals from other cells, 
which can occur locally or over vast distances. This 
cell- to- cell communication is the essence of multicel-
lular life and occurs through different types of mol-
ecule. Peptide hormones, growth factors, cytokines 
and neurotransmitters are secreted by cells and com-
municate potent physiological responses by binding 
to cognate receptors on target cells. The discovery of 
extracellular RNAs (exRNAs) in mammalian body flu-
ids has led to the hypothesis that exRNAs play a role in  
cell–cell communication1–3.

We define exRNAs as RNAs that undergo transcrip-
tion within a cell, the ‘donor’ cell, that releases the RNA 
into the extracellular environment. ‘Recipient’ cells 
are defined as the cells that take up exRNAs from the 
extracellular space. In non- mammalian systems, such 
as plants and nematodes, small RNAs readily spread 
throughout the organism and function within recipi-
ent cells4–7. Although mammals produce exRNAs, the 
current evidence for exRNA function in mammals 
is limited in scope or has important caveats to con-
sider. Importantly, recipient cells may simply degrade 
or release most, if not all, exRNAs, and the presence 
of exRNAs does not imply inherent functionality. 
Indeed, extraordinary experimental rigor is required to 
demonstrate potential biological relevance of exRNAs.

For insight into the idea of RNA as a form of cell–cell 
communication, we first discuss the principles of func-
tional mobile small RNAs in non- mammalian organ-
isms. Next, we explore ongoing efforts to catalogue the 

diverse roster of mammalian exRNAs. We review the  
evidence for various carriers of exRNAs, including 
extracellular vesicles, ribonucleoprotein (RNP) complexes 
and lipoproteins, and scrutinize the current evidence for 
exRNA function in mammals in health and disease. 
We conclude by reflecting on the experimental evidence 
needed to definitively answer whether exRNAs facilitate 
cell–cell communication in mammals.

Discovery of exRNAs
Mobile small RNAs in non- mammalian organisms. The 
core evidence for functional RNA spreading in plants 
comes from experiments in which plant tissue, with 
and without active small RNA- mediated gene silencing, 
was grafted together, revealing a ‘spread’ of the silencing 
signal organism- wide (that is, systemically)4–6. These 
silencing small interfering RNAs (siRNAs) are required 
for post- transcriptional gene silencing between cells 
through RNA interference (RNAi)7. This nearly organism- 
wide spreading of RNAs is facilitated by plasmodesmata  
channels that bridge cells together, directly connecting 
the cytoplasm of different plant cells8,9. Evidence origi-
nally based on enzymatic activity in plant extract revealed 
the presence of an RNA- dependent RNA poly merase 
(RdRP) that is able to amplify RNA molecules required 
for silencing10. RdRPs generate a double- stranded 
RNA (dsRNA) template from target RNAs, which is 
processed by the endonuclease Dicer into siRNAs,  
which are now capable of silencing complementary 
target genes11. Considering that this gene silencing can 
begin in a small number of cells and then spread sys-
temically, there is a mechanism to amplify the silencing 
RNA signal. Similar to PCR primers amplifying a larger 
target sequence, RdRPs are able to use a small sequence 
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to generate dsRNA (and thus siRNAs) spanning a full 
sequence (a property named ‘transitivity’)5,10.

These findings in plants were revealed nearly concur-
rently with similar evidence in Caenorhabditis elegans, 
where small RNAs spread systemically to carry out 
silencing in response to injection or feeding of dsRNA12. 
Similar to the amplification of silencing seen in plants, 
mutations to the C. elegans RdRP enzyme Ego-1 quell 
RNA- induced silencing13; additionally, biochemical 
and reporter approaches revealed that RdRP amplifica-
tion occurs in C. elegans and is transitive, similar to the 
mechanism in plants14. However, unlike plants, which 
have channels directly connecting the cytoplasm of cells, 
mobile cell–cell spreading of small RNAs in C. elegans 
depends on dsRNA transporters, systemic RNA interfer-
ence defective 1 (SID-1) and SID-2, to import and export 
dsRNA to and from the extracellular space15,16. Evidence 
suggests an antiviral or anti- transposable element role 
for this cell–cell spreading of RNA in plants and in  
C. elegans (reviewed in RefS17,18). Of note, given our 
definition of exRNAs, which requires a donor cell to 
transcribe and release the exRNA, and as the majority 
of these data are based on artificially injected dsRNA 
(or transgenes), many of these studies do not directly 

demonstrate in vivo exRNA function in non- mammalian 
systems.

Whether similar processes occur in other organisms 
is an ongoing investigation. For example, some fungi, 
such as Neurospora crassa, possess a conserved RdRP, 
suggesting that other organisms are capable of ampli-
fying large quantities of small RNAs through RdRP 
activity19. Other organisms, such as Drosophila mela-
nogaster, have developed non- RdRP- based strategies 
for organism- wide RNA- based antiviral responses20–22. 
Instead of RdRP amplification, reverse transcriptase 
activity converts viral RNA into DNA, which then serves 
as a template for antiviral RNAs. Similar to the systemic 
spread in C. elegans and plants, these antiviral RNAs 
seem to spread organism- wide, albeit in extracellular 
vesicles23. The evidence for functional transfer of these 
D. melanogaster RNAs was obtained in studies using 
vesicles from Argonaute 2 (Ago2)- mutant D. melano-
gaster, which effectively quells antiviral RNA activity. 
Although the loss- of- function Ago2 mutant eliminates 
antiviral RNAs, it has the caveat of non- specificially dis-
rupting several other small RNAs, such as microRNAs 
(miRNAs)23.

Taken together, the apparent differences between 
organisms in mechanisms underlying small RNA 
spreading remind us that small RNAs can spread in a 
variety of ways but revolve around signal amplification 
and effective uptake into recipient cells.

Mammalian cell biology of exRNA. Evidence dating 
back to the 1970s shows that RNA is present in media 
collected from cultured mouse and human cells24,25 
(fig. 1). Since then, ample evidence from modern high- 
throughput RNA sequencing experiments suggests that 
exRNAs are present within many human bodily fluids, 
including but not limited to blood, urine and saliva1–3. 
Mammals lack the proteins that are necessary for cell–
cell RNA signalling in plants and C. elegans, such as a 
RdRP21,26. If exRNAs function in mammals, it is likely 
through fundamentally different mechanisms from 
those in plants and nematodes.

The mammalian genes SIDT1 and SIDT2 encode pro-
teins that bind to long dsRNA and seem to be important 
for an effective antiviral response27,28. However, these 
proteins do not import RNA from the extracellular 
environment as the C. elegans homologues SID-1 and 
SID-2 do27,28. Overexpression of SIDT1 and SIDT2 in 
mammalian cells enhances the transfer of dsRNA ana-
logues from the endosome to the cytoplasm, suggesting 
that some endocytosed RNA may avoid destruction by 
the endosome–lysosome pathway by transport from the 
endosome to the cytoplasm27,28. However, the evidence 
supporting SIDT1/SIDT2- mediated RNA transport used 
an artificial chemical analogue structurally similar to 
dsRNA (polyinosinic:polycytidylic acid), or artificially 
introduced siRNAs, neither of which was transcribed 
in the donor cell and thus does not fit the definition of 
an exRNA29. Silencing SIDT1 in human cells reduces 
exRNA- reporter readouts in recipient cells, albeit 
in vitro30. These data indicate that mammals do not use 
SIDT1/SIDT2 transporters to move RNA between cells 
in a manner analogous to SID-1/SID-2 in C. elegans.
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Fig. 1 | Timeline of exRNA discoveries. Highlighted research influencing the field  
of extracellular RNA (exRNA). C. elegans, Caenorhabditis elegans; miRNA, microRNA;  
RNP, ribonucleoprotein.

RNA interference
(RNAi). A process resulting  
in small RNAs binding to 
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translation or direct their 
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mRNAs to induce translational 
repression, destabilization or 
cleavage of the transcript.
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Carriers of mammalian exRNAs
All exRNAs begin their journey through secretion or 
decomposition of a cell (fig. 2). Several potential ends 
to the journey of an exRNA include clearance through 
the liver, kidney and other tissues — or uptake into 

recipient cells. Generally, endocytosis of extracellular 
molecules results in either degradation in the lysosome 
or exocytosis31–33 (fig. 2). Labelling and imaging analy-
ses in immortalized endothelial cells found that most 
extracellular vesicles within recipient cells co- localize 
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Fig. 2 | Model of the life cycle of exRNAs. For extracellular RNAs (exRNAs) 
found within small extracellular vesicles (EVs), the journey depends on early 
endosomal maturation into a late endosome, which is also called the 
multivesicular body (MVB). In addition to molecules taken up via 
endocytosis, the MVB takes in specific cytoplasmic cargo, including RNA. 
The targeted RNAs are first bound to the external surface of the MVB, which 
then undergoes inward budding that results in tiny vesicles contained 
within the MVB, termed intraluminal vesicles (ILVs)31,100,101. A collection of 
proteins in the MVB membrane — the endosomal sorting complexes 
required for transport (ESCRT) complex — is responsible for producing some 
ILVs31,33,100,101 (1). The biogenesis of ILVs occurs in a series of steps ending with 
inward scission of the endosome membrane, which takes protein and RNA 
cargo from the cytoplasm31,33,100,101. An alternative syntenin- dependent 
pathway involving ceramide or phosphatic acid that affects the membrane 
structure of the endosome can also form ILVs31,101. Subtypes of MVBs fuse 
with the lysosome (2) or plasma membrane, which releases the ILVs (now 
named small EVs) with exRNA cargo into the extracellular environment (3); 
different lipid and protein profiles are associated with exosome release 
versus lysosomal degradation31–33. Proteins involved in vesicular fusion are 
known to regulate MVB fusion31,101. Large EVs form via direct budding off  
the plasma membrane, which seems to encapsulate exRNAs from the 
cytoplasm. Despite this unique biogenesis, microvesicle budding shares 

similar molecular mechanisms with ILV formation100,101. It remains unclear 
how, or whether, specific RNAs are localized to the site of large EV budding. 
Several signalling pathways affect the release of EVs, including Hedgehog, 
Wnt and thrombin as examples33,100,102. The mechanisms underlying the 
biogenesis of other non- vesicle exRNAs (such as Argonaute 2 (Ago2)–
microRNA (miRNA) complexes) remain largely uncharted territory; however, 
inhibiting neutral sphingomyelinase 2 enzyme decreases miRNA levels in 
EVs and increases the levels of miRNA secreted with lipoproteins, 
suggesting that this enzyme is involved in the biogenesis of non- vesicle 
exRNAs54,69. Endocytosis of extracellular molecules can occur through 
several mechanisms, including clathrin- dependent endocytosis, caveolar 
endocytosis, micropinocytosis, raft- dependent endocytosis and 
phagocytosis101,103 (4). These endocytic pathways could take up extracellular 
RNA associated with EVs, ribonucleoproteins (RNPs) or lipoproteins.  
In support of this hypothesis, exRNAs are often found within endosomes, 
but it is mostly unknown how exRNAs escape the endosome. SIDT2 may 
transport dsRNA from the endosome to the cytoplasm, although this 
evidence is based on artificial dsRNA28. Further studies investigating the 
molecular mechanisms underlying mammalian endosomal escape are 
needed to better understand whether the end of an exRNA’s journey 
includes functional activity. RAB GTPases (indicated by dashed lines) are 
major regulators of endosomal trafficking31,101. ER, endoplasmic reticulum.

www.nature.com/nrg

R e v i e w s

450 | July 2021 | volume 22 



0123456789();: 

with lysosome markers34. Therefore, it is likely that 
most (if not all) exRNAs partnered with vesicles, RNPs, 
lipoproteins or any other molecules are degraded in the 
lysosome of recipient cells.

Naked exRNAs are degraded and cause immune activation.  
Cell death and viral replication are both ample suppliers 
of RNA in the extracellular space. After viral infection, 
cells secrete dsRNA into the extracellular space, which 
triggers the mammalian immune response28. This innate 
immune signalling seems to be a general reaction to 
extracellular ‘naked’ RNAs, as in vitro transcribed RNA 
is sufficient to activate toll- like receptor (TLR) signalling 
in cultured immune cells35. By contrast, RNA contained 
within vesicles does not trigger an immune response; 
however, these data are based on miRNAs coated with 
artificial liposomes and not endogenous extracellular 
vesicles that contain exRNA36.

Furthermore, the extracellular environment is rife 
with ribonucleases that readily degrade RNA, suggesting 
that some exRNAs are resilient against RNase activity37,38 
(fig. 1). exRNAs themselves are not intrinsically resis-
tant to RNases, as unpartnered, or ‘purified’, exRNAs are 
readily degraded by RNase treatment, whereas exRNAs 
with a protein partner are resistant to degradation39,40. 
Thus, exRNAs may partner with other molecules to pre-
vent triggering an immune response, enhance exRNA 
stability or for no functional reason.

The nature of extracellular vesicles that harbour exRNAs.  
Many exRNAs, such as mRNA fragments, miRNA, 
small nuclear RNA (snRNA), tRNA fragments and  
Y RNA, exist within extracellular vesicles (fig. 3). As most 
exRNA studies focus on exRNAs within extracellular 
vesicles, the ever- shifting definitions and discoveries 
of extracellular vesicles influence the exRNA field41–43. 
Indeed, some of the earliest evidence that mammalian 
cells produce exRNAs came from the real- time (quan-
titative) PCR amplification of specific mRNAs isolated 
from extracellular vesicles in human and mouse cells44,45 
(fig. 1). Since these initial discoveries, a wealth of stud-
ies have characterized the constituents, sorting (Box 1) 
and potential biological functions of exRNAs within 
extracellular vesicles.

There are many extracellular vesicles with unique 
properties (fig. 3a,b). The terminology for various popu-
lations of extracellular vesicles is not standardized, thus 
interpreting data between studies is difficult41–43. Some 
features such as size, density, protein markers, biogen-
esis and RNA content help define extracellular vesicle 
populations41–43. Defining extracellular vesicles is an 
essential pursuit for exRNA studies, and characterizing 
the myriad of vesicle subpopulations is a challenge still 
faced by the field of extracellular vesicle biology41–43.

Although early evidence using quantitative PCR 
(qPCR) with mRNA- specific primers showed that 
RNAs are present in extracellular vesicles44,45, it was not 
tested directly whether these were full- length transcripts 
or mRNA fragments. Similarly, biochemical analysis 
revealed that extracellular vesicles contain mRNA 
sequences and abundant small RNAs, such as miRNAs46. 
Subsequent RNA- sequencing- based studies revealed 

that exRNAs are not usually full- length RNAs, but com-
monly fragments (such as mRNA fragments) or small 
non- coding RNAs, such as Y RNAs47–49. On average, 
extracellular vesicles contain very few (if not less than 
one) molecules of a given RNA, thus raising scepti-
cism that exRNAs can be robust messengers of cell–cell 
communication50,51.

Ribonucleoprotein and lipoprotein carriers. In addition 
to exRNAs within extracellular vesicles, exRNAs asso-
ciate with proteins to form RNP complexes (fig. 3d). 
For example, miRNAs co- precipitate with extracellular 
Ago2, which was one of the first indications that not all 
exRNAs exist within extracellular vesicles39,40. Recent evi-
dence suggests that exRNAs bind to small nanoparticles 
made of protein and lipids, called exomeres52,53 (fig. 3e). 
Two alternative methods have identified exomeres, 
starting with chromatography- based separation52 fol-
lowed by a high- speed ultracentrifugation approach53. 
Lastly, both high- density lipoproteins (HDLs) and low- 
density lipoproteins (LDLs) co- purify with miRNAs, 
tRNAs, ribosomal RNAs (rRNAs), small nucleolar RNAs 
(snoRNAs), snRNAs and Y RNAs54,55 (fig. 3f,g). Although 
reconstituted HDL can bind to miRNAs when injected 
in vivo54, it is unclear how exRNAs physically associate 
with lipoproteins.

Extracellular RNA function in mammals
Evidence of function for vertebrate exRNAs. One of the 
first experiments to test exRNA function found that 
media- derived RNA can enhance DNA synthesis when 
applied to genomic DNA in vitro24. A significant chal-
lenge to directly testing the potential function of exRNAs 
is controlling for the confounding effects of other car-
rier molecules or experimental manipulations. Although 
there was an increase in DNA synthesis24, other factors 
from the cells could have enhanced DNA polymerase 
activity; alternatively, applying this highly concentrated 
RNA to DNA could have non- physiological effects. The 
most convincing evidence of function would rule out  
the effect of other molecules while being within the 
physiological range of exRNA levels seen in biofluids. 
Besides testing for a function carried out by the exRNA 
itself, it is vital to consider that cells may release 
exRNAs into the extracellular space as a way to purge 
‘cellular waste’, which is an idea that has been around 
since 1983 as a potential reason for extracellular vesicle 
production56. Most importantly, it is necessary to keep 
in mind that there may be no biological function carried 
out by mammalian exRNAs.

After uptake, distinguishing an endocytosed exRNA 
from RNA transcribed in the recipient cell is immensely 
challenging, but can be solved with careful experimen-
tal design. Recent experimental evidence using genetic 
ablation of the exRNA loci within recipient cells con-
vincingly demonstrated the transfer of extracellular 
snoRNAs between cultured cells and between mice57. 
In vivo evidence of snoRNA transfer comes from parabi-
osis experiments, in which the circulatory systems of 
mice in which the snoRNA has been deleted and con-
trol mice are linked57. In support of functional snoRNA 
transfer from wild- type to deletion mice, parabiosis was 

Ribonucleases
(RNases). enzymes that cleave 
RNA, which are often found in 
the extracellular environment 
where they efficiently  
degrade RNAs that are not 
protected by other factors  
such as extracellular vesicles  
or proteins.
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able to rescue a phenotype — loss of 2′- O- methylation 
of rRNAs — observed in snoRNA- deletion animals57. 
Although promising, these data are not conclusive 
because parabiosis between animals transfers many 

molecules other than extracellular snoRNAs, which 
might have caused the observed changes in methyla-
tion. Future studies can design experiments that ensure 
exRNAs are responsible for functional activity, such as 
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using cell- type- specific genetic deletion of the exRNA in 
recipient cells within the same animal58.

Non- endogenous exRNA transfer to recipient cells. Other 
evidence of exRNA transfer between mammalian cells 
includes monitoring exRNAs that cannot be transcribed 
by the recipient cell46,59,60. In a seminal study, Valadi 
et al. demonstrated that mouse- derived extracellular 
vesicle mRNAs are translation competent by using an 
in vitro translation assay, thus begging the question of 
whether transferred extracellular mRNAs make pro-
tein that functions in recipient cells46. Similarly, treating  
cells with extracellular vesicles containing luciferase 
mRNA resulted in luciferase activity in recipient cells61. 
Although these experiments clearly show that the trans-
ferred RNA is not from the recipient cell, they do not 
definitively provide evidence of mRNA translation in 
the recipient cell, as extracellular vesicles could directly 
transfer the protein of interest to the receiving cell.

Several studies have monitored extracellular vesicle- 
mediated transfer of Cre recombinase and mRNA by 
expressing Cre protein in select donor cells and then 
tracking Cre- specific reporter levels in recipient cells59,60. 
Injecting extracellular vesicles that contain Cre mRNA 
into mice results in reporter activity in neural cells, 
which may indicate the transfer and translation of Cre 
mRNA59. However, non- specific or ‘leaky’ expression of 
Cre could also cause this result. These in vivo experi-
ments are an essential step towards finding a biologi-
cally relevant role for exRNAs and do not share some of 
the same confounding variables as using immortalized 
cells, such as serum- derived extracellular vesicles that  
contain RNA62.

The functional transfer of extracellular mRNA 
between cells is an exciting idea, although many pub-
lished studies have limitations. When examining mRNA 
transfer, it is plausible that the protein of interest is 
co- sorted into the extracellular vesicle along with the 
mRNA, thus confounding results. One approach might 
be to create a system to prevent translation of the exRNA 
specifically in the donor cell, which would ensure that 

any observed protein in recipient cells is not derived 
from extracellular vesicles. Also, new methods to vis-
ualize translation of transcripts have been developed in 
recent years63–66, thus allowing the exciting possibility of 
monitoring the translation of transferred mRNA within 
the recipient cell.

Several recent studies have utilized the CRISPR–Cas9 
genome editing system to study exRNA transfer between 
cells67,68. One study used donor cells stably expressing 
single guide RNAs (sgRNAs) to measure sgRNA- specific 
reporter activity, the Stoplight sensor, within recipient 
cells67. After transwell separation or treatment with 
high levels of concentrated donor cell extracellular 
vesicles, Stoplight- expressing recipient cells showed 
sgRNA- dependent GFP fluorescence activity67. These 
data support a model for exRNA activity transferred 
between cells. However, under optimized conditions 
the activity was only present in a scant 0.03% of cells67. 
These low numbers under non- physiological conditions 
raise questions around the potential biological relevance 
of mammlian exRNAs.

exRNAs of the mammalian immune system. Extracellular 
vesicles contain many small RNAs, including miRNAs, 
which are well- known regulators of gene expression. 
Some evidence suggests that purified vesicles that con-
tain miRNAs can downregulate reporters that include 
the miRNA target site69. However, because these findings 
were obtained through overexpression of miRNAs in 
donor cells, they do not reflect the low levels of exRNAs 
observed in endogenous extracellular vesicles. Other 
early experiments found that treating cells with extra-
cellular vesicles caused a dramatic increase in active  
miRNAs within the recipient cell70. An important caveat 
is that treating cells with these vesicles could be sufficient 
to cause miRNA transcription within the recipient cells. 
These data have inspired many similar studies searching 
for functional transfer of extracellular miRNAs in a wide 
range of cell types and biological states.

On account of the antiviral role that mobile RNAs 
have in plants and C. elegans, and the plethora of 
exRNAs secreted from immune cells in mammals, 
there is a collection of literature examining the poten-
tial function of exRNAs in the mammalian immune 
system71–75. Data derived from profiling the miRNA 
content of vesicles secreted from a variety of immune 
cells suggest that T cell- derived extracellular vesicles 
transfer miRNAs to B cells, which is dependent on trig-
gering close cell–cell interaction, the immune synapse72. 
Quantification of extracellular miRNA activity in recip-
ient cells, as read out by transfected reporters, suggests 
that the immune synapse is necessary for the transfer of 
miRNA72. However, these data were obtained by over-
expressing miRNAs from transfected plasmids within 
donor cells, thus enhancing extracellular miRNA lev-
els above lowly endogenous amounts72. Given the low 
levels of exRNAs in vesicles, recipient cells would need 
to take up a high number of vesicles for the exRNAs to 
function. Nevertheless, the immune synapse warrants 
further investigation, as the ample exchange of vesicles 
may lead to accumulation of physiologically relevant 
levels of exRNAs in recipient cells.

Box 1 | Sorting of RNAs into extracellular vesicles

Sorting of RNA into extracellular vesicles may depend on non- templated additions 
based on profiling evidence that found that microRNAs (miRNAs) with 3′ uridylated  
ends are more enriched in extracellular vesicles, whereas miRNAs that stay in the cell are 
enriched for 3′ end adenylation106. RNA levels may also affect sorting, as increasing  
(or inhibiting) miRNA biogenesis affects the numbers of miRNAs sorted into extracellular 
vesicles more dramatically compared with the levels remaining in the cell34. moreover, 
addition of a mRNA target for a particular miRNA reduces the respective levels of 
miRNAs in extracellular vesicles, which implies that unused miRNAs (those not bound  
to target mRNAs) are more likely to be found in extracellular vesicles34.

There is some evidence that proteins may mediate exRNA sorting into extracellular 
vesicles, as manipulating heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) 
via knockdown or overexpression affects the exRNA levels detected in extracellular 
vesicles107. Additionally, miRNAs within extracellular vesicles are enriched in motifs bound 
by hnRNPA2B1, although it was not directly tested whether these sequences are required 
specifically for hnRNPA2B1- dependent exRNA levels107. Based on co- precipitation of the 
RNA- binding protein yBX1 with RNAs, and a reduction of these respective exRNAs in 
yBX1- deleted cells, yBX1 may be an agent for sorting a variety of small RNAs (miRNAs, 
tRNAs, y RNAs, vault RNAs) into extracellular vesicles94,108. Similarly, the RNA- binding 
protein la directly binds to and sorts miRNAs into high- density, but not low- density, 
vesicles109.
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Several studies indicate macrophage to endothe-
lial cell transfer of exRNAs34,70. There is evidence that 
macrophage- derived extracellular vesicles carry-
ing miRNAs enhance the migration of endothelial 
cells in vitro70. Furthermore, injection of mice with 
macrophage- derived extracellular vesicles containing 
miRNAs resulted in increased levels of said miRNA in 
endothelial cells in vivo70. The evidence for functional 
transfer suffers from the caveat that the recipient cells 
possess functional miRNA processing machinery as well 
as the endogenous gene encoding the miRNA. Thus, 
treating cells with extracellular vesicles could enhance 
miRNA transcription within recipient cells regardless of 
exRNA transfer.

To ensure miRNAs are not derived from recipient 
cells, some studies use the approach of preventing all 
miRNA production by deleting core miRNA process-
ing machinery, such as the endonuclease Dicer. For 
example, co- culturing wild- type macrophages with 
Dicer- null endothelial cells increases miRNA activity in 
the Dicer- deficient endothelial cells34. However, direct 
incubation of extracellular vesicles with Dicer- null 
endothelial cells does not increase miRNA activity, 
which suggests that the increase in miRNA activity is 
not due to vesicle- mediated transfer of miRNAs34. These 
findings suggest that a non- extracellular vesicle mech-
anism may underlie the increase in miRNA activity. 
Future studies should consider using isolated extracel-
lular vesicles, without the entire donor cell present, to 
corroborate the hypothesis that extracellular vesicles are 
sufficient to transfer RNA to recipient cells.

exRNA transfer to hepatocytes. In addition to vesicle 
transfer of miRNAs, some studies have examined 
whether extracellular lipoprotein–RNA complexes 
are taken up by recipient cells. Treating hepatocytes 
with HDL–miRNA complexes results in an increase 
in miRNA levels and a decrease in target mRNAs in 
recipient cells54. As these studies experimentally incor-
porated miRNAs with HDL, it is unknown whether lipo-
protein–miRNA complexes function within recipient 
cells under biological conditions. Using an adipocyte- 
specific deletion of Dicer to prevent adipocytes from 
secreting extracellular miRNAs, recent evidence suggests 
that adipocyte- secreted extracellular vesicle miRNAs 
reduce target- mRNA levels in hepatocytes76. Moreover, 
transplanting adipocytes that express human miRNAs 
into mice reduces miRNA- specific reporter activity in  
the liver76. One major caveat of these results is that the 
deletion of Dicer causes many other downstream cell- 
autonomous effects, which could alter signalling mol-
ecules secreted from fat that affect gene expression in 
the liver. Although the concept of extracellular vesicles 
educating distant tissues is tantalizing, definitive data are 
needed before a solid conclusion that exRNA cargo plays 
a functional role in signalling can be reached.

exRNAs within the mammalian nervous system. Neurons 
exchange information with other cells in various ways, 
including neurotransmitter release, gap junctions and 
potentially through exRNAs. Thorough genetic label-
ling strategies in vivo show that neurons do indeed 

secrete extracellular vesicles (containing miRNAs) that 
are taken up by recipient vascular endothelial cells77. 
However, non- specifically inhibiting extracellular vesi-
cle production is not direct evidence that these miRNAs 
function in recipient cells. Similarly, treating neurons 
with mesenchymal extracellular vesicle miRNAs pro-
motes axon growth78, but there is no direct test of the 
role of the miRNA. Another study found that injuring 
peripheral nerves enhances the number of neural extra-
cellular vesicles containing miR-21, which macrophages 
then engulf79. Extracellular vesicles from neurons that 
overexpress miR-21 induce pro- inflammatory tran-
scripts in macrophages, whereas extracellular vesicles 
from neurons treated with anti- miR-21 antagonists do 
not79. Although these data indicate that miR-21 levels in 
neurons affect the macrophage response to neural extra-
cellular vesicles, they do not show directly whether the 
miRNA within the extracellular vesicles is responsible79.

Recent studies showed that the protein Arc1, which 
contains a domain similar to that of retroviral capsid 
proteins, promotes the packaging of Arc1 mRNA into 
extracellular vesicles in human and D. melanogaster 
neurons80,81. Arc1 protein–mRNA complexes trans-
fer from motoneurons to muscle cells, and deletion or 
knockdown of Arc1 in neurons reduces synaptic bouton 
formation between neurons and muscle cells. However, 
this effect could be due to the known neuron- intrinsic 
function of Arc1 (Ref.80). Similarly, in mammalian 
cells, ARC protein promotes ARC mRNA localiza-
tion into extracellular vesicles81. After incubation with 
wild- type extracellular vesicles, ARC- null recipient neu-
rons are positive for intracellular ARC protein and RNA. 
Although these data are exciting, whether ARC RNA has 
a non- cell- autonomous function in D. melanogaster and 
mammals remains unclear.

exRNAs in disease
exRNAs in cancer. Cancer cells produce extracellular 
vesicles that contain exRNAs, and thus many are excited 
by the potential of exRNA- mediated regulation of can-
cer proliferation and metastasis68,82,83. There is plentiful 
evidence that patients with cancer have a different pool 
of circulating exRNAs compared with those without 
cancer48,84. The aggressiveness of some cancers correlates 
with exRNA levels82, although these changes in exRNA 
levels may be functionally innocuous.

Different cancer subtypes release distinct exRNA 
profiles, thus reflecting the unique transcriptomes of 
various cancers or differences in exRNA sorting61,85. 
For example, cancer cells with or without an oncogenic 
KRAS mutation secrete different populations of RNAs 
in extracellular vesicles68,85,86. Although treating recipient 
cells with extracellular vesicles alters exRNA- reporter 
activity, some of the RNAs are endogenously expressed 
within the recipient cell, making it difficult to rule out 
whether changes in reporter expression are not due to 
the action of RNA from the recipient cell. Recent work 
examining KRAS- mutant colorectal cancer cells has 
overcome this caveat by fusing non- endogenous sgRNA 
sequences to several exRNAs, including miR-100 and 
the long non- coding RNA (lncRNA) CRNDE, which 
triggered reporter activity in recipient cells68. However, 
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the evidence is based on transfection of the sgRNA–
miRNA constructs, which enhances levels beyond low 
endogenous levels68. Hence, to date, the evidence for 
the pathological consequences of these cancer exRNAs 
remains indirect.

Cancer cells secrete extracellular vesicles that prime 
sites for metastasis, although whether exRNAs are 
involved has not been directly tested. For example, 
extracellular vesicles from breast cancer cell lines that 
endogenously possess high levels of miR-105 promote 
metastasis and vascular permeability in mice82. Similarly, 
there is evidence that astrocyte extracellular vesicles pro-
mote brain cancer outgrowth83. However, whether the 
RNA is derived from extracellular vesicles is inconclu-
sive because the recipient cells can transcribe the exRNA 
of interest83.

Recent work using a mouse model lacking miR-21 
expression, which is frequently disrupted in cancer, 
found that glioblastoma cells transfer miRNAs to astro-
cytes through extracellular vesicles58. After implanting 
GFP- expressing glioma cells, which highly express 
miR-21, into the brain of miR-21- null mice, the authors 
showed that microglia that take up extracellular vesicles 
exhibit lower levels of miR-21 target transcripts rela-
tive to microglia that did not take up these vesicles58. 
Additionally, glioma- derived, fluorescently labelled, 
injected extracellular vesicles were taken up by microglia 
of miR-21- null mice58. Although this evidence is prom-
ising, it remains possible that implanting the tumour or 
injecting extracellular vesicles could cause gene down-
regulation in microglia58. To determine whether exRNAs 
play a role in cancer, or other human diseases, more 
direct evidence is needed that separates the effect of the 
exRNA from that of the extracellular vesicle.

exRNAs in cardiovascular disease. The development of 
various cardiac diseases in human — for example, acute 
peripartum cardiomyopathy, dilated cardiomyopathy 
and coronary artery disease — correlates with disease- 
specific changes to exRNA profiles87–89. Experiments 
using a mouse model of peripartum cardiomyopathy 
showed that endothelial cells release higher levels of 
extracellular vesicles containing miRNAs, which are 
taken up by cardiomyocytes87. Moreover, extracellu-
lar vesicles from endothelial cells impaired metabolic 
activity in cardiomyocytes in vitro87. These functional 
data use transfection to increase miRNA levels in donor 
cells to model the levels in vivo, thus making it diffi-
cult to determine whether this metabolic effect also 
occurs in response to endogenous miRNA- containing 
extracellular vesicles87.

Evidence from an atherosclerosis model found that 
endothelial cells secrete extracellular vesicles that cardi-
omyocytes receive90. Injecting endothelial cell- derived 
extracellular vesicles that contain high miR-143/miR-145  
levels protected against atherosclerotic lesions in the 
aorta of mice90. Furthermore, treating endothelial cells 
with locked nucleic acids to inhibit donor cell miRNAs 
prevented the protective effect of the extracellular vesi-
cles. However, inhibiting these miRNAs in endothelial 
donor cells likely changes other properties of endothe-
lial extracellular vesicles90. Thus, the evidence collected 

so far in mice has yet to clarify whether exRNAs play a 
functional role in human cardiac disease.

Experimental guidance
As a field, we face immense challenges investigat-
ing whether there is a biological role for mammalian 
exRNAs. To study exRNAs, we must keep abreast of 
advancements in the fields of the carriers that bind 
to exRNAs, with an emphasis on extracellular vesi-
cle and RNA isolation techniques43,91–93. For example, 
extracellular vesicles isolated by centrifugation and 
subsequent affinity enrichment do not have detectable 
Ago2 present41,94, whereas extracellular vesicles isolated 
through centrifugation and density gradient separation 
stain positive for Ago2 (Ref.95). The technique to isolate 
exRNAs is also a crucial variable, as there are differences 
in exRNA present depending on the RNA isolation 
method. Recent work has diligently characterized how 
different RNA isolation methods alter the detectable 
exRNA populations for various biofluids92. The recom-
mended isolation protocols depend on what population 
of exRNAs (for example, miRNAs, PIWI- associated 
RNAs (piRNAs) or tRNAs) one wants to isolate and also 
on the sample type (for example, cell culture medium, 
plasma, serum or urine)92. Thus, one should exercise 
care when selecting the protocols and kits used to isolate 
and quantify exRNAs92.

As we highlight throughout, the presence of exRNA 
in circulating blood does not connote exRNA function-
ality. Extracellular miRNA in human serum and plasma 
is of low abundance and below the amounts needed to 
exact gene silencing in cells. In fact, the miRNA abun-
dance in blood is at least ~100- fold less than that of cir-
culating peptide hormones51. Because mammals do not 
seem to harbour an RNA amplification system similar 
to that observed in plants and worms, the levels of circu-
lating miRNA do not seem to be sufficient for silencing 
gene expression if taken up in recipient cells. A more 
compelling case could be made to explore exRNAs 
transferred through cell–cell interaction through trogo-
cytosis, as neighbouring cells might help boost trans-
ferred miRNA levels. However, even in this scenario, 
escape from lipid- bound vesicles would need to occur. 
Unlike in plants and nematodes, as yet there are no 
definitive data that show activity of transferred exRNAs 
in physiologically relevant settings in mammalian 
recipient cells.

Uncovering the potential function of exRNAs in 
recipient cells is inherently challenging. Using com-
mon genetics approaches such as genetic perturbation, 
sequencing or even combing through disease- associated 
genomic variants cannot distinguish the role of an RNA 
in a donor cell versus a recipient cell. To directly test 
whether exRNAs are functional, we need creative and 
specific approaches to overcome these challenges. 
Researchers should consider various quality- control 
considerations when designing experiments to test for 
exRNA function (fig. 4).

Reducing the number of false- positive ‘exRNAs’ 
is fundamental. For example, exRNAs from animal 
serum in cell culture media, as well as RNA from dead 
or lysed mammalian cells, can be an abundant source 

Locked nucleic acids
Artifical nucleoside analogues 
that are more resistant to 
degradation than endogenous 
RNA.
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of contaminating exRNA62,96. As many exRNAs are pro-
tected by extracellular vesicles or other carriers, treating 
samples with RNase is a standard method to reduce con-
taminating RNA39,40,46. Furthermore, performing affinity 
purification for specific subtypes of extracellular vesi-
cles, RNPs or lipoproteins helps distinguish the specific 
exRNA carrier41,94. Processing of sequencing data to dis-
tinguish between mammalian, microorganism- derived 
or contaminating synthetic nucleotides (such as vec-
tors or primers) in samples is another critical step for 
the study of exRNAs55,97.

Similar to eliminating RNA from confounding 
sources, another step towards demonstrating exRNA 
functionality in mammals is ensuring the exRNA is 
not made in the recipient cell (fig. 4). Even if cells under 
homeostatic conditions do not express the exRNA of 
interest, it is plausible that experimental manipulation 
(such as treatment of the cells with isolated extracellular 
vesicles) may result in exRNA transcription in the recipi-
ent cell. Experimentally controlling for this false- positive 
exRNA transcribed in the recipient cell should be bal-
anced with how confounding the solution is; thus, the 
least- invasive and specific experimental strategy to pre-
vent this is ideal. For example, precise genetic removal 
of the candidate exRNA locus in the recipient cell is a 
successful strategy to guarantee that the transferred 
exRNA is from a donor cell57,58,90. By contrast, globally 
inhibiting miRNA biogenesis through genetic ablation 
of Dicer can cause many non- exRNA- related biological 
changes that confound data98. Verifying that an RNA as 
a bonafide exRNA is crucial, but much more evidence is 
required to show function.

Another step towards demonstrating exRNA func-
tion is determining whether, and how, exRNAs escape 
from the endosome to the cytoplasm before degrada-
tion in the lysosome (or secretion via exocytosis) (fig. 4). 
For example, tracking extracellular vesicles containing 
exRNAs after endocytosis into recipient cell reveals 
that most internalized extracellular vesicles are found 
in the lysosome34. RNA proximity labelling techniques 
may help determine the subcellular location of endocy-
tosed exRNAs99. Once it is established that the exRNA 
has escaped the endosome (or at least lysis), the next 
step is identifying and validating the role of an exRNA 
within a cell.

exRNA not from
confounding sources

Specificity of exRNA effect

Donor cell

Recipient cell

Re-released

Endosome
escape?

exRNA not
present

Recipient cell

exRNA
present Effect!

No effect

In vivo function in mammals 

exRNA not degraded  or exocytosed

Non-autonomous source of exRNA

Verifying real exRNA

Endosome

Lysosome

exRNA

exRNA–/–

MVB

Fig. 4 | Standards for demonstrating exRNA function. 
First, experiments should rule out that the RNA of interest 
is not a technical artefact and is from the correct biological 
source. Second, demonstrating that the recipient cell 
cannot itself transcribe the extracellular RNA (exRNA)  
of interest must be diligently shown. Third, uptake of an 
exRNA from the extracellular environment into a recipient 
cell is not sufficient evidence to conclude that the exRNA 
is functional, because the lysosome could degrade the 
exRNA or the recipient cell could exocytose the exRNA 
back into the extracellular environment. Fourth, the 
functional consequence of an exRNA must require the 
exRNA to ensure that the effect is not only from other 
factors associated with exRNAs (proteins, hormones or 
lipids). Fifth, researchers must demonstrate a function 
in vivo to claim that exRNAs are important biologically. 
MVB, multivesicular body.
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The most substantial evidence would demonstrate 
that the exRNA is necessary to create or rescue an 
observed phenotype (fig. 4). As extracellular vesicles 
(or other exRNA carriers such as exomeres) contain 
a myriad of proteins and lipids capable of affecting 
the recipient cell, it is necessary to demonstrate that the 
exRNA is essential for the phenotype. For example, if 
applying an extracellular vesicle that contains a miRNA 
to target cells results in the downregulation of mRNAs, 
this is not sufficient evidence that the extracellular 
miRNA is causing this effect. Experimental approaches 
that change one variable, such as removing or adding the 
exRNA, produce more convincing data.

The most challenging step is demonstrating that an 
exRNA is functional in vivo (fig. 4). Example experimental  
approaches that could help untangle potential in vivo 
functions of exRNAs in mammals include genetically 

encoded RNA sensors and tissue- specific deletion of 
RNAs, although new methodological developments 
are likely necessary. The cornerstone piece of evi-
dence would demonstrate how these low- level exRNAs 
are taken up in large enough quantities to produce a 
meaningful biological effect in mammals.

Conclusions
In sum, the idea that mammalian cells regulate one 
another at vast distances by secreting RNAs is capti-
vating but remains speculative. For the moment, the 
extraordinary evidence that definitively establishes  
exRNAs as a medium of cell–cell communication in 
mammals remains elusive. However, absence of evidence 
is not evidence of absence.

Published online 6 April 2021

1. Freedman, J. E. et al. Diverse human extracellular 
RNAs are widely detected in human plasma.  
Nat. Commun. 7, 11106 (2016).

2. Max, K. E. A. et al. Human plasma and serum 
extracellular small RNA reference profiles and their 
clinical utility. Proc. Natl Acad. Sci. USA 115, 
E5334–E5343 (2018).

3. Godoy, P. M. et al. Large differences in small RNA 
composition between human biofluids. Cell Rep. 25, 
1346–1358 (2018).

4. Palauqui, J. C., Elmayan, T., Pollien, J. M.  
& Vaucheret, H. Systemic acquired silencing: transgene- 
specific post- transcriptional silencing is transmitted by 
grafting from silenced stocks to non-silenced scions. 
EMBO J. 16, 4738–4745 (1997).

5. Voinnet, O., Vain, P., Angell, S. & Baulcombe, D. C. 
Systemic spread of sequence- specific transgene  
RNA degradation in plants is initiated by localized 
introduction of ectopic promoterless DNA. Cell 95, 
177–187 (1998).

6. Voinnet, O. & Baulcombe, D. C. Systemic signalling in 
gene silencing. Nature 389, 553 (1997).

7. Hamilton, A. J. & Baulcombe, D. C. A species of small 
antisense RNA in posttranscriptional gene silencing in 
plants. Science 286, 950–952 (1999).

8. Yoo, B. C. et al. A systemic small RNA signaling system 
in plants. Plant Cell 16, 1979–2000 (2004).

9. Lucas, W. J. & Lee, J. Y. Plasmodesmata as  
a supracellular control network in plants. Nat. Rev. 
Mol. Cell Biol. 5, 712–726 (2004).

10. Vaistij, F. E., Jones, L. & Baulcombe, D. C. Spreading  
of RNA targeting and DNA methylation in RNA 
silencing requires transcription of the target gene and 
a putative RNA- dependent RNA polymerase. Plant Cell 
14, 857–867 (2002).

11. Tang, G., Reinhart, B. J., Bartel, D. P. & Zamore, P. D. 
A biochemical framework for RNA silencing in plants. 
Genes Dev. 17, 49–63 (2003).

12. Fire, A. et al. Potent and specific genetic interference 
by double- stranded RNA in Caenorhabditis elegans. 
Nature 391, 806–811 (1998).  
A seminal study demonstrating that dsRNA causes 
systemic gene silencing across tissues and progeny 
in C. elegans.

13. Smardon, A. et al. EGO-1 is related to RNA- directed 
RNA polymerase and functions in germ- line 
development and RNA interference in C. elegans.  
Curr. Biol. 10, 169–178 (2000).

14. Sijen, T. et al. On the role of RNA amplification in 
dsRNA- triggered gene silencing. Cell 107, 465–476 
(2001).

15. Winston, W. M., Sutherlin, M., Wright, A. J.,  
Feinberg, E. H. & Hunter, C. P. Caenorhabditis elegans 
SID-2 is required for environmental RNA interference. 
Proc. Natl Acad. Sci. USA 104, 10565–10570 (2007).

16. Winston, W. M., Molodowitch, C. & Hunter, C. P. 
Systemic RNAi in C. elegans requires the putative 
transmembrane protein SID-1. Science 295,  
2456–2459 (2002).

17. Sarkies, P. & Miska, E. A. Small RNAs break out: the 
molecular cell biology of mobile small RNAs. Nat. Rev. 
Mol. Cell Biol. 15, 525–535 (2014).

18. Bologna, N. G. & Voinnet, O. The diversity, biogenesis, 
and activities of endogenous silencing small RNAs in 

Arabidopsis. Annu. Rev. Plant. Biol. 65, 473–503 
(2014).

19. Cogoni, C. & Macino, G. Gene silencing in Neurospora 
crassa requires a protein homologous to RNA- 
dependent RNA polymerase. Nature 399, 166–169 
(1999).

20. Celotto, A. M. & Graveley, B. R. Exon- specific RNAi:  
a tool for dissecting the functional relevance of 
alternative splicing. RNA 8, 718–724 (2002).

21. Schwarz, D. S., Hutvagner, G., Haley, B. & Zamore, P. D. 
Evidence that siRNAs function as guides, not primers, 
in the Drosophila and human RNAi pathways. Mol. Cell 
10, 537–548 (2002).

22. Roignant, J. Y. et al. Absence of transitive and 
systemic pathways allows cell- specific and isoform- 
specific RNAi in Drosophila. RNA 9, 299–308 (2003).

23. Tassetto, M., Kunitomi, M. & Andino, R. Circulating 
immune cells mediate a systemic RNAi- based adaptive 
antiviral response in Drosophila. Cell 169, 314–325 
(2017).

24. Stroun, M. et al. Presence of RNA in the nucleoprotein 
complex spontaneously released by human 
lymphocytes and frog auricles in culture. Cancer Res. 
38, 3546–3554 (1978).

25. Kolodny, G. M., Culp, L. A. & Rosenthal, L. J. Secretion 
of RNA by normal and transformed cells. Exp. Cell Res. 
73, 65–72 (1972).

26. Stein, P., Svoboda, P., Anger, M. & Schultz, R. M. RNAi: 
mammalian oocytes do it without RNA- dependent RNA 
polymerase. RNA 9, 187–192 (2003).

27. Li, W., Koutmou, K. S., Leahy, D. J. & Li, M. Systemic 
RNA interference deficiency-1 (SID-1) extracellular 
domain selectively binds long double- stranded RNA 
and is required for RNA transport by SID-1. J. Biol. 
Chem. 290, 18904–18913 (2015).

28. Nguyen, T. A. et al. SIDT2 transports extracellular 
dsRNA into the cytoplasm for innate immune 
recognition. Immunity 47, 498–509 (2017).

29. Duxbury, M. S., Ashley, S. W. & Whang, E. E. RNA 
interference: a mammalian SID-1 homologue enhances 
siRNA uptake and gene silencing efficacy in human 
cells. Biochem. Biophys. Res. Commun. 331, 459–463 
(2005).

30. Elhassan, M. O., Christie, J. & Duxbury, M. S. Homo 
sapiens systemic RNA interference- defective-1 
transmembrane family member 1 (SIDT1) protein 
mediates contact- dependent small RNA transfer and 
microRNA-21-driven chemoresistance. J. Biol. Chem. 
287, 5267–5277 (2012).

31. Colombo, M., Raposo, G. & Thery, C. Biogenesis, 
secretion, and intercellular interactions of exosomes 
and other extracellular vesicles. Annu. Rev. Cell  
Dev. Biol. 30, 255–289 (2014).

32. Cocucci, E., Racchetti, G. & Meldolesi, J. Shedding 
microvesicles: artefacts no more. Trends Cell Biol. 19, 
43–51 (2009).

33. Raposo, G. & Stoorvogel, W. Extracellular vesicles: 
exosomes, microvesicles, and friends. J. Cell Biol. 200, 
373–383 (2013).

34. Squadrito, M. L. et al. Endogenous RNAs modulate 
microRNA sorting to exosomes and transfer to 
acceptor cells. Cell Rep. 8, 1432–1446 (2014).

35. Kariko, K., Ni, H., Capodici, J., Lamphier, M. & 
Weissman, D. mRNA is an endogenous ligand for 

Toll-like receptor 3. J. Biol. Chem. 279, 12542–12550 
(2004).

36. Fabbri, M. et al. MicroRNAs bind to Toll- like receptors 
to induce prometastatic inflammatory response. Proc. 
Natl Acad. Sci. USA 109, E2110–E2116 (2012).

37. Benner, S. A. & Allemann, R. K. The return of 
pancreatic ribonucleases. Trends Biochem. Sci. 14, 
396–397 (1989).

38. Benner, S. A. Extracellular ‘communicator RNA’. FEBS 
Lett. 233, 225–228 (1988).

39. Arroyo, J. D. et al. Argonaute2 complexes carry a 
population of circulating microRNAs independent of 
vesicles in human plasma. Proc. Natl Acad. Sci. USA 
108, 5003–5008 (2011).  
This study demonstrates that a large proportion  
of extracellular miRNAs are associated with Ago2 
and are largely unique relative to those contained 
in extracellular vesicles.

40. Turchinovich, A., Weiz, L., Langheinz, A. & Burwinkel, B. 
Characterization of extracellular circulating microRNA. 
Nucleic Acids Res. 39, 7223–7233 (2011).

41. Jeppesen, D. K. et al. Reassessment of exosome 
composition. Cell 177, 428–445 (2019).  
A survey and proposed definitions of extracellular 
carriers associated with extracellular RNAs.

42. Witwer, K. W. & Thery, C. Extracellular vesicles or 
exosomes? On primacy, precision, and popularity 
influencing a choice of nomenclature. J. Extracell. 
Vesicles 8, 1648167 (2019).

43. Thery, C. et al. Minimal information for studies  
of extracellular vesicles 2018 (MISEV2018):  
a position statement of the international society  
for extracellular vesicles and update of the 
MISEV2014 guidelines. J. Extracell. Vesicles 7, 
1535750 (2018).

44. Baj- Krzyworzeka, M. et al. Tumour- derived 
microvesicles carry several surface determinants and 
mRNA of tumour cells and transfer some of these 
determinants to monocytes. Cancer Immunol. 
Immunother. 55, 808–818 (2006).  
Early study demonstrating the presence of mRNAs 
within extracellular vesicles secreted from cultured 
human cells.

45. Ratajczak, J. et al. Embryonic stem cell- derived 
microvesicles reprogram hematopoietic progenitors: 
evidence for horizontal transfer of mRNA and protein 
delivery. Leukemia 20, 847–856 (2006).  
Early study identifying mRNAs within extracellular 
vesicles secreted from cultured murine and human 
cultured cells.

46. Valadi, H. et al. Exosome- mediated transfer of mRNAs 
and microRNAs is a novel mechanism of genetic 
exchange between cells. Nat. Cell Biol. 9, 654–659 
(2007).  
Pioneering work demonstrating that RNAs are 
contained within extracellular vesicles, and mRNAs 
contained within extracellular vesicles retain their 
ability to be translated.

47. Wei, Z. et al. Coding and noncoding landscape of 
extracellular RNA released by human glioma stem 
cells. Nat. Commun. 8, 1145 (2017).  
A diligent characterization of the different 
populations of extracellular RNAs contained within 
extracellular vesicles and RNPs.

NATuRe ReviewS | GeNeTicS

R e v i e w s

  volume 22 | July 2021 | 457



0123456789();: 

48. Li, Y. et al. Circular RNA is enriched and stable  
in exosomes: a promising biomarker for cancer 
diagnosis. Cell Res. 25, 981–984 (2015).

49. Memczak, S., Papavasileiou, P., Peters, O.  
& Rajewsky, N. Identification and characterization  
of circular RNAs as a new class of putative biomarkers 
in human blood. PLoS ONE 10, e0141214 (2015).

50. Chevillet, J. R. et al. Quantitative and stoichiometric 
analysis of the microRNA content of exosomes. Proc. 
Natl Acad. Sci. USA 111, 14888–14893 (2014).  
This study shows that the amount of miRNAs 
contained within extracellular vesicles is on average 
less than one miRNA per extracellular vesicle.

51. Williams, Z. et al. Comprehensive profiling of circulating 
microRNA via small RNA sequencing of cDNA libraries 
reveals biomarker potential and limitations. Proc. Natl 
Acad. Sci. USA 110, 4255–4260 (2013).  
This study demonstrates that extracellular miRNAs 
are of low abundance within human serum.

52. Zhang, H. et al. Identification of distinct nanoparticles 
and subsets of extracellular vesicles by asymmetric 
flow field- flow fractionation. Nat. Cell Biol. 20,  
332–343 (2018).

53. Zhang, Q. et al. Transfer of functional cargo in 
exomeres. Cell Rep. 27, 940–954 (2019).

54. Vickers, K. C., Palmisano, B. T., Shoucri, B. M., 
Shamburek, R. D. & Remaley, A. T. MicroRNAs  
are transported in plasma and delivered to recipient 
cells by high- density lipoproteins. Nat. Cell Biol. 13, 
423–433 (2011).  
This study shows that extracellular miRNAs are 
associated with lipoproteins, which are altered  
in disease.

55. Allen, R. M. et al. Bioinformatic analysis of endogenous 
and exogenous small RNAs on lipoproteins. J. Extracell. 
Vesicles 7, 1506198 (2018).

56. Harding, C., Heuser, J. & Stahl, P. Receptor- mediated 
endocytosis of transferrin and recycling of the transferrin 
receptor in rat reticulocytes. J. Cell Biol. 97, 329–339 
(1983).

57. Rimer, J. M. et al. Long- range function of secreted 
small nucleolar RNAs that direct 2′-O- methylation.  
J. Biol. Chem. 293, 13284–13296 (2018).

58. Abels, E. R. et al. Glioblastoma- associated microglia 
reprogramming is mediated by functional transfer of 
extracellular miR-21. Cell Rep. 28, 3105–3119 (2019).

59. Ridder, K. et al. Extracellular vesicle- mediated transfer 
of genetic information between the hematopoietic 
system and the brain in response to inflammation. 
PLoS Biol. 12, e1001874 (2014).

60. Ridder, K. et al. Extracellular vesicle- mediated transfer 
of functional RNA in the tumor microenvironment. 
Oncoimmunology 4, e1008371 (2015).

61. Skog, J. et al. Glioblastoma microvesicles transport 
RNA and proteins that promote tumour growth and 
provide diagnostic biomarkers. Nat. Cell Biol. 10, 
1470–1476 (2008).  
An early and thorough characterization of 
microvesicle- contained exRNAs in primary patient 
tissue that demonstrates that exRNAs can be used 
as biomarkers.

62. Tosar, J. P., Cayota, A., Eitan, E., Halushka, M. K.  
& Witwer, K. W. Ribonucleic artefacts: are some 
extracellular RNA discoveries driven by cell culture 
medium components? J. Extracell. Vesicles 6, 
1272832 (2017).

63. tom Dieck, S. et al. Direct visualization of newly 
synthesized target proteins in situ. Nat. Methods 12, 
411–414 (2015).

64. Wang, C., Han, B., Zhou, R. & Zhuang, X. Real- time 
imaging of translation on single mRNA transcripts in 
live cells. Cell 165, 990–1001 (2016).

65. Yan, X., Hoek, T. A., Vale, R. D. & Tanenbaum, M. E. 
Dynamics of translation of single mRNA molecules 
in vivo. Cell 165, 976–989 (2016).

66. Lai, C. P. et al. Visualization and tracking of tumour 
extracellular vesicle delivery and RNA translation using 
multiplexed reporters. Nat. Commun. 6, 7029 (2015).

67. de Jong, O. G. et al. A CRISPR- Cas9-based reporter 
system for single- cell detection of extracellular vesicle- 
mediated functional transfer of RNA. Nat. Commun. 
11, 1113 (2020).  
A thorough study of artificial sgRNA transfer using 
a CRISPR–Cas reporter system.

68. Hinger, S. A. et al. Diverse long RNAs are differentially 
sorted into extracellular vesicles secreted by colorectal 
cancer cells. Cell Rep. 25, 715–725 (2018).

69. Kosaka, N. et al. Secretory mechanisms and intercellular 
transfer of microRNAs in living cells. J. Biol. Chem. 285, 
17442–17452 (2010).

70. Zhang, Y. et al. Secreted monocytic miR-150 enhances 
targeted endothelial cell migration. Mol. Cell 39, 
133–144 (2010).

71. Ekstrom, K. et al. Characterization of mRNA and 
microRNA in human mast cell- derived exosomes  
and their transfer to other mast cells and blood CD34 
progenitor cells. J Extracell. Vesicles https://doi.org/ 
10.3402/jev.v1i0.18389 (2012).

72. Mittelbrunn, M. et al. Unidirectional transfer of 
microRNA- loaded exosomes from T cells to antigen- 
presenting cells. Nat. Commun. 2, 282 (2011).

73. Nolte-‘t Hoen, E. N. et al. Deep sequencing of RNA 
from immune cell- derived vesicles uncovers the 
selective incorporation of small non- coding RNA 
biotypes with potential regulatory functions. Nucleic 
Acids Res. 40, 9272–9285 (2012).

74. Montecalvo, A. et al. Mechanism of transfer of 
functional microRNAs between mouse dendritic cells 
via exosomes. Blood 119, 756–766 (2012).

75. Ismail, N. et al. Macrophage microvesicles induce 
macrophage differentiation and miR-223 transfer. 
Blood 121, 984–995 (2013).

76. Thomou, T. et al. Adipose- derived circulating miRNAs 
regulate gene expression in other tissues. Nature 
542, 450–455 (2017).  
A study examining tissue to tissue communication 
via exRNAs, which used an adipose- specific 
deletion of Dicer to examine adipose to liver 
transfer of miRNAs.

77. Xu, B. et al. Neurons secrete miR-132-containing 
exosomes to regulate brain vascular integrity. Cell Res. 
27, 882–897 (2017).

78. Zhang, Y. et al. Exosomes derived from mesenchymal 
stromal cells promote axonal growth of cortical 
neurons. Mol. Neurobiol. 54, 2659–2673 (2017).

79. Simeoli, R. et al. Exosomal cargo including  
microRNA regulates sensory neuron to macrophage 
communication after nerve trauma. Nat. Commun. 8, 
1778 (2017).

80. Ashley, J. et al. Retrovirus- like Gag protein Arc1 binds 
RNA and traffics across synaptic boutons. Cell 172, 
262–274 (2018).

81. Pastuzyn, E. D. et al. The neuronal gene arc encodes  
a repurposed retrotransposon Gag protein that 
mediates intercellular RNA transfer. Cell 172,  
275–288 (2018).

82. Zhou, W. et al. Cancer- secreted miR-105 destroys 
vascular endothelial barriers to promote metastasis. 
Cancer Cell 25, 501–515 (2014).

83. Zhang, L. et al. Microenvironment- induced PTEN loss 
by exosomal microRNA primes brain metastasis 
outgrowth. Nature 527, 100–104 (2015).

84. Mitchell, P. S. et al. Circulating microRNAs as stable 
blood- based markers for cancer detection. Proc. Natl 
Acad. Sci. USA 105, 10513–10518 (2008).

85. Cha, D. J. et al. KRAS- dependent sorting of miRNA  
to exosomes. eLife 4, e07197 (2015).

86. Dou, Y. et al. Circular RNAs are down- regulated in 
KRAS mutant colon cancer cells and can be transferred 
to exosomes. Sci. Rep. 6, 37982 (2016).

87. Halkein, J. et al. MicroRNA-146a is a therapeutic 
target and biomarker for peripartum cardiomyopathy. 
J. Clin. Invest. 123, 2143–2154 (2013).

88. Zhao, Z. et al. Peripheral blood circular RNA hsa_circ_ 
0124644 can be used as a diagnostic biomarker of 
coronary artery disease. Sci. Rep. 7, 39918 (2017).

89. Akat, K. M. et al. Comparative RNA- sequencing 
analysis of myocardial and circulating small RNAs in 
human heart failure and their utility as biomarkers. 
Proc. Natl Acad. Sci. USA 111, 11151–11156 (2014).

90. Hergenreider, E. et al. Atheroprotective communication 
between endothelial cells and smooth muscle cells 
through miRNAs. Nat. Cell Biol. 14, 249–256 
(2012).

91. Small, J., Roy, S., Alexander, R. & Balaj, L. Overview  
of protocols for studying extracellular RNA and 
extracellular vesicles. Methods Mol. Biol. 1740, 
17–21 (2018).

92. Srinivasan, S. et al. Small RNA sequencing across 
diverse biofluids identifies optimal methods for exRNA 
isolation. Cell 177, 446–462 (2019).

93. Mateescu, B. et al. Obstacles and opportunities in the 
functional analysis of extracellular vesicle RNA - an 
ISEV position paper. J. Extracell. Vesicles 6, 1286095 
(2017).

94. Shurtleff, M. J., Temoche- Diaz, M. M., Karfilis, K. V., 
Ri, S. & Schekman, R. Y- box protein 1 is required to 
sort microRNAs into exosomes in cells and in a 
cell-free reaction. eLife 5, e19276 (2016).

95. McKenzie, A. J. et al. KRAS- MEK signaling controls 
Ago2 sorting into exosomes. Cell Rep. 15, 978–987 
(2016).

96. Wei, Z., Batagov, A. O., Carter, D. R. & Krichevsky, A. M. 
Fetal bovine serum RNA interferes with the cell culture 
derived extracellular RNA. Sci. Rep. 6, 31175 (2016).

97. Rozowsky, J. et al. exceRpt: a comprehensive analytic 
platform for extracellular RNA profiling. Cell Syst. 8, 
352–357 (2019).

98. Bernstein, E. et al. Dicer is essential for mouse 
development. Nat. Genet. 35, 215–217 (2003).

99. Padron, A., Iwasaki, S. & Ingolia, N. T. Proximity RNA 
labeling by APEX- Seq reveals the organization of 
translation initiation complexes and repressive RNA 
granules. Mol. Cell 75, 875–887 (2019).

100. Christ, L., Raiborg, C., Wenzel, E. M., Campsteijn, C.  
& Stenmark, H. Cellular functions and molecular 
mechanisms of the ESCRT membrane- scission 
machinery. Trends Biochem. Sci. 42, 42–56 (2017).

101. van Niel, G., D’Angelo, G. & Raposo, G. Shedding light 
on the cell biology of extracellular vesicles. Nat. Rev. 
Mol. Cell Biol. 19, 213–228 (2018).

102. Lu, A. et al. Genome- wide interrogation of extracellular 
vesicle biology using barcoded miRNAs. eLife 7, 
e41460 (2018).

103. Lajoie, P. & Nabi, I. R. Lipid rafts, caveolae, and their 
endocytosis. Int. Rev. Cell Mol. Biol. 282, 135–163 
(2010).

104. Crescitelli, R. et al. Distinct RNA profiles in sub-
populations of extracellular vesicles: apoptotic bodies, 
microvesicles and exosomes. J Extracell. Vesicles 
https://doi.org/10.3402/jev.v2i0.20677 (2013).

105. German, J. B., Smilowitz, J. T. & Zivkovic, A. M. 
Lipoproteins: when size really matters. Curr. Opin. 
Colloid Interface Sci. 11, 171–183 (2006).

106. Koppers- Lalic, D. et al. Nontemplated nucleotide 
additions distinguish the small RNA composition  
in cells from exosomes. Cell Rep. 8, 1649–1658 
(2014).

107. Villarroya- Beltri, C. et al. Sumoylated hnRNPA2B1 
controls the sorting of miRNAs into exosomes through 
binding to specific motifs. Nat. Commun. 4, 2980 
(2013).

108. Shurtleff, M. J. et al. Broad role for YBX1 in defining 
the small noncoding RNA composition of exosomes. 
Proc. Natl Acad. Sci. USA 114, E8987–E8995 (2017).

109. Temoche- Diaz, M. M. et al. Distinct mechanisms of 
microRNA sorting into cancer cell- derived extracellular 
vesicle subtypes. eLife 8, e47544 (2019).

Acknowledgements
The authors thank C. Hunter, J. Patton, S. Oberlin, H. Valadi, 
K. Vickers, M. Tewari, X. Breakfield, A. Krichevsky, M. Gruner, 
K. Weller and D. Knupp for their helpful feedback on the  
manuscript. This work was supported by grants to M.T.M.: 
U19CA179513, U01CA217882 and U42OD026647.

Author contributions
The authors contributed equally to all aspects of the article.

Competing interests
The authors declare no competing interests.

Peer review information
Nature Reviews Genetics thanks B. Mateescu, J. G. Patton 
and the other, anonymous, reviewer(s) for their contribution 
to the peer review of this work.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.
 
© Springer Nature Limited 2021

www.nature.com/nrg

R e v i e w s

458 | July 2021 | volume 22 

https://doi.org/10.3402/jev.v1i0.18389
https://doi.org/10.3402/jev.v1i0.18389
https://doi.org/10.3402/jev.v2i0.20677

	Examining the evidence for extracellular RNA function in mammals
	Discovery of exRNAs
	Mobile small RNAs in non-mammalian organisms. 
	Mammalian cell biology of exRNA. 

	Carriers of mammalian exRNAs
	Naked exRNAs are degraded and cause immune activation. 
	The nature of extracellular vesicles that harbour exRNAs. 
	Sorting of RNAs into extracellular vesicles
	Ribonucleoprotein and lipoprotein carriers. 

	Extracellular RNA function in mammals
	Evidence of function for vertebrate exRNAs. 
	Non-endogenous exRNA transfer to recipient cells. 
	exRNAs of the mammalian immune system. 
	exRNA transfer to hepatocytes. 
	exRNAs within the mammalian nervous system. 

	exRNAs in disease
	exRNAs in cancer. 
	exRNAs in cardiovascular disease. 

	Experimental guidance
	Conclusions
	Acknowledgements
	Fig. 1 Timeline of exRNA discoveries.
	Fig. 2 Model of the life cycle of exRNAs.
	Fig. 3 Mugshot of exRNA carriers.
	Fig. 4 Standards for demonstrating exRNA function.




