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ABSTRACT Despite a huge expansion in the last decades, several assumptions have 
directed, and perhaps pigeonholed, the evolution of the extracellular RNA (exRNA) field. 
For example, extracellular vesicles (EVs) have been assumed to be the main carriers of 
RNA molecules between cells. In parallel, microRNAs (miRNAs) have been assumed to 
be the main EV RNA cargo. However, from mammals to microbes, these assumptions do 
not seem to fall out of the data. In addition, miRNAs need to localize to the cytosol to 
be active but are likely to start in endosomes in most EV entry pathways. The mecha­
nisms for their endosomal escape and the quantities of imported miRNAs required for 
their functions are not always considered. Without questioning the empirical evidence 
supporting EV-miRNA-mediated intercellular communication, we would like to shed light 
on the overlooked aspects of the exRNA biology that may bear important insights into 
how cells and organisms interact and sense one another.

KEYWORDS exRNA, exosomes, intercellular communication, extracellular tRNAs, 
extracellular miRNAs, extracellular vesicles, nonvesicular RNA, TLR signaling

B lood and other extracellular biofluids have a high RNase content. Hence, from its 
origins, the exRNA field has focused on extracellular vesicles (EVs) as the main 

carriers of RNA molecules that move between cells (1–3). In parallel, an underlying 
assumption has been that microRNAs are the most important class of RNA in EVs.

However, most exRNAs are not associated with EVs (4–10). In addition, even the 
most abundant miRNAs are present at less than 0.1–0.01 copies per EV (7, 11–14). Other 
noncoding RNAs, such as tRNAs, Y RNAs, rRNAs, and their fragments, are consistently 
reported to be much more abundant (7, 8, 11, 14, 15).

The same qualitative conclusions can be drawn in other eukaryotes. For example, 
while parasitic nematodes release miRNAs in EVs (16), across multiple nematode 
species, miRNAs are under-represented in the extracellular space compared to other 
RNA biotypes (17–19). Plants also release EVs containing miRNAs and siRNAs that 
can silence specific genes in fungal pathogens (20). However, at least in Arabidopsis, 
both the apoplastic fluid and the leaf surface contain a heterogeneous population of 
exRNAs that are predominantly nonvesicular (21–23). Mammalian fungal pathogens like 
H. capsulatum release EVs that contain miRNA-like sequences but, mostly, tRNA (24). 
Trypanosoma cruzi, a parasitic protozoan that lacks miRNAs, releases EVs that mostly 
contain rRNA- and tRNA-derived fragments (25, 26). Similarly, in bacteria (which also do 
not encode miRNAs), different exRNAs have been found both inside and outside of EVs 
(27), including fragments of tRNAs proposed to shuttle to other cells where they act as 
guides to regulate gene expression (28). Recent work characterizing exRNAs in Archaea 
also suggests that the most abundant class is, again, tRNAs (29).

Awareness that vesicles are not the only complexes that can protect and shuttle RNAs 
in or out of cells has increased in recent years. For example, nonvesicular RNAs, including 
Argonaute 2/miRNA complexes (4, 9), have recently gained attention, thanks to the 
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report of membraneless extracellular nanoparticles, such as exomeres and supermeres 
(10, 30). Nonvesicular Argonautes complexed with siRNAs are also released from parasitic 
nematodes and can enter host cells (31). Other large ribonucleoprotein complexes, such 
as extracellular ribosomes (8), can also give place to stable protein/RNA complexes 
upon extracellular fragmentation (32). In addition, some RNAs might achieve extracel­
lular stability and abundance, thanks to their compact three-dimensional structures 
stabilized mostly by RNA:RNA interactions (33, 34). These stable “naked” RNAs can also 
be internalized and sensed by immune cells, playing a role in intercellular communica­
tion, especially in the context of inflammation (35). In retrospect, the assumption that all 
extracellular samples are characterized by a potent RNase activity might be a generali­
zation of experiments done in either blood or in cell culture, which usually contains 
serum (e.g., FBS) as an additive. When naked extracellular RNA is added to physiological 
compartments with a low RNase content, such as the peritoneal cavity, its capacity to 
trigger inflammatory responses becomes evident (35).

Thus, the popularity of EVs and miRNAs is better explained by the chronology of 
the exRNA field and the large focus on mammalian systems, rather than emerging 
from the data itself. For example, the discovery of EV-miRNAs occurred at a time when 
the interest in miRNAs as gene expression regulators was at its peak, bolstered by 
a mechanistic framework for how miRNAs can regulate gene expression. A few years 
afterward, next-generation sequencing became widely accessible, and, consequently, 
many studies started to explore the small RNA content of EVs. However, small RNA 
sequencing was designed for miRNA identification and is highly biased toward this small 
RNA class (36). Without enzymatic treatment of RNAs, or modifications to protocols 
to read through structured RNAs, many of the exRNAs present in a sample are never 
detected.

What is, then, the picture that emerges from the data?
While we may not yet have a definitive answer to this question, we would like to 

propose four additional questions that might illuminate the path forward (Fig. 1).

What RNA types are most abundant in the extracellular space both within 
and outside EVs?

To date, most analyses have focused on guide-acting small RNAs (miRNAs, siRNAs, short 
tRNA fragments) or messenger RNAs (mRNAs) where there is a mechanistic framework 
for how they could function and existing methodologies for validation, for example, 
with reporter assays. However, the data across diverse organisms show that other classes 
of RNA (tRNAs, Y RNAs, SRP RNA, vault RNAs, rRNAs) are often more abundant both 
inside and outside of EVs, and there remain few investigations into their transmission or 
function within recipient cells (Fig. 1A).

What are we missing due to technical or conceptual limitations but that could 
be relevant to understanding exRNA functionality?

The most “unbiased” method to answer this question is sequencing, but the library 
generation protocols and methods of analysis will direct the answer. An example is the 
focus in the literature on fragments of tRNAs or Y RNAs in EVs based on sequencing, 
rather than a focus on full-length forms that are excluded when making the library 
and only become revealed by northern blots or specialized sequencing techniques (e.g., 
ARM-seq, TGIRT-seq, and hydro-tRNA-seq) (8, 15). RNA modifications and the balance 
between RNases and RNase inhibitors can also strongly influence what gets sequenced 
and what is not. For a recent review on biases in small RNA sequencing and their impact 
on exRNA profiling, see reference 36. Finally, the analysis methods define what is kept 
as useful information or discarded. For example, often, sequences that map to repetitive 
regions in the genome are thrown out, even though this is a ubiquitous and poorly 
understood source of exRNA across eukaryotes (11, 37, 38) that is also prevalent in 
host-pathogen exRNA interactions (17). We are still stuck in many ways looking for what 
we already understand and expect (Fig. 1B).
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What exRNAs are most likely to play a role in intercellular communication 
based on their proposed mechanism of action, stability, and abundance?

While the focus has been on miRNAs due to the existing mechanistic framework for 
how they function in the cytoplasm of cells, the framework for how they make it to 
the cytoplasm after entering the cell is lacking. If EVs are internalized by endocytosis, 
EV-miRNAs could be released into the cytosol of a recipient cell after the fusion of the 
EV lipid bilayer with the endosomal membrane (39). However, this seems to be quite 
an inefficient process in mammalian studies (12, 40–42), and more work is needed to 
understand when/where/how escape can occur in different contexts and how small 
RNAs subsequently end up in the right complexes (43). A simpler mechanism for some 
exRNAs could occur within endosomes (Fig. 2), where exRNAs can activate RNA-specific 
Toll-like receptors (TLRs) (44). This has been shown for vesicular tRNA-derived fragments 
(45, 46) that are prevalent and abundant across EVs from Bacteria, Archaea, and Eukarya. 
It is even tempting to speculate that microbiome-derived exRNAs might have shaped the 
evolution of mammalian endosomal RNA sensors. For example, a highly stable bacterial 
rRNA-derived fragment can be spontaneously internalized by murine immune cells, even 
when present in culture media as a naked RNA, and is a potent trigger of endosomal 
TLR13 (35) (Fig. 1C).

FIG 1 Four questions that could help expand the exRNA field in new directions. (A) What are the most abundant exRNA types 

both within and outside EVs? EV-miRNAs (red arrow) represent only a tiny fraction of the extracellular RNAome. On the one 

hand, miRNAs only represent a minor fraction of the vesicular RNAome. On the other hand, many exRNAs are nonvesicular, 

including ribonucleoprotein complexes and naked, unbound exRNAs. The abundance of these nonvesicular RNAs partially 

depends on their sensitivity or resistance to extracellular RNases (depicted in blue). (B) What exRNAs remain undetected (blue 

fish) by our current RNA sequencing protocols (yellow hook) due to technical biases? (C) What is the subcellular localization 

of the internalized exRNAs in the recipient cell? This can be important for certain proposed functions that require the exRNAs 

to reach the cytosol or the nucleus of the recipient cell, and not simply the surface or the endosomal network. (D) Could a 

primary function of certain RNA types (e.g., Y RNAs) be to act in the extracellular space? Some RNA types may be relics of the 

RNA world preserved due to their roles in intercellular communication pathways, whose functions cannot be understood if 

simply considering their existence inside of one cell. Figures were made using BioRender (A) or Ideogram 3.0 (B, D).
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Could there be important non-cell autonomous functions of some non-cod­
ing RNAs that have defined their evolution?

Over the last 50+ years, the field of RNA biology has built quantitative and mechanistic 
data on how diverse RNAs function inside cells. The field of exRNA has evolved after 
(and largely separate from) this. Based on this chronology, any role of an exRNA might 
be expected to be known already; the only details we have to work out are how it 
gets from donor to recipient. But, what if the functions of some RNAs can only be well 
understood if we account for their roles outside the cell? What have we been missing? 
For example, Y RNAs are abundant in extracellular samples (7, 11, 47), including in human 
biofluids (48–50), but their intracellular roles are still not fully understood despite being 
discovered more than 40 years ago. In fact, these RNAs were originally discovered in the 
extracellular space as the RNA component of a ribonucleoprotein particle targeted by 
self-reactive antibodies (51) (Fig. 1D).

FIG 2 Guides or triggers? Subcellular localization restricts or enables functional possibilities. Both vesicular and nonvesicular exRNAs can be internalized by 

endocytosis if not degraded by extracellular RNases. Once inside endosomes, vesicular RNAs need to escape into the cytosol to recognize specific targets in a 

sequence-dependent manner (“guides”; e.g., miRNAs and siRNAs that function in gene silencing with Argonaute proteins). This is thought to occur by fusion of 

the EVs with the endosomal membrane. However, vesicular RNAs can still be functional in the absence of efficient endosomal escape, for example, by activating 

RNA sensors localized inside endosomes (“triggers”). The same considerations apply to nonvesicular exRNAs, which are directly exposed in the endosomal 

lumen. Note that exRNAs can also act as triggers in the cytosol if they are recognized by a protein or by another nucleic acid in a structure-dependent but 

sequence-independent manner (e.g., RIG-I). Thus, “guides vs triggers” is a distinction based on the mechanism of action rather than in subcellular localization, 

but sequence-dependent mRNA recognition is thought to occur exclusively in the cytosol.

Perspective mBio

October 2025  Volume 16  Issue 10 10.1128/mbio.03129-24 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

2 
A

pr
il 

20
26

 b
y 

16
4.

73
.8

0.
12

3.

https://doi.org/10.1128/mbio.03129-24


Why is it worth pushing this field forward? The RNA world drove the evolution of 
life, and it would be bizarre for its innovative power to be restricted to within the cell 
membrane. Indeed, most aspects of life require interaction outside the cell, yet our 
understanding of the different roles of exRNAs in living systems is still incredibly limited. 
The exRNA field remains ripe for discovery if we can evolve our technologies and minds 
to build a foundation of knowledge that includes things we may not already expect.

AUTHOR AFFILIATIONS

1Functional Genomics Laboratory, Institut Pasteur de Montevideo, Montevideo, Uruguay
2Analytical Biochemistry Unit, Center for Nuclear Research, School of Science, Universi­
dad de la República, Montevideo, Uruguay
3Institute of Immunology & Infection Research, School of Biological Sciences, University 
of Edinburgh, Edinburgh, United Kingdom

AUTHOR ORCIDs

Juan Pablo Tosar  http://orcid.org/0000-0002-2021-2479
Amy H. Buck  http://orcid.org/0000-0003-2645-7191

AUTHOR CONTRIBUTIONS

Juan Pablo Tosar, Conceptualization, Writing – original draft, Writing – review and editing 
| Amy H. Buck, Conceptualization, Writing – original draft, Writing – review and editing

REFERENCES

1. Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, Dvorak P, Ratajczak MZ. 
2006. Embryonic stem cell-derived microvesicles reprogram hemato­
poietic progenitors: evidence for horizontal transfer of mRNA and 
protein delivery. Leukemia 20:847–856. https://doi.org/10.1038/sj.leu.24
04132

2. Skog J, Würdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, 
Curry WT Jr, Carter BS, Krichevsky AM, Breakefield XO. 2008. Glioblas­
toma microvesicles transport RNA and proteins that promote tumour 
growth and provide diagnostic biomarkers. Nat Cell Biol 10:1470–1476. 
https://doi.org/10.1038/ncb1800

3. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO. 2007. 
Exosome-mediated transfer of mRNAs and microRNAs is a novel 
mechanism of genetic exchange between cells. Nat Cell Biol 9:654–659. 
https://doi.org/10.1038/ncb1596

4. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, Mitchell 
PS, Bennett CF, Pogosova-Agadjanyan EL, Stirewalt DL, Tait JF, Tewari M. 
2011. Argonaute2 complexes carry a population of circulating 
microRNAs independent of vesicles in human plasma. Proc Natl Acad Sci 
USA 108:5003–5008. https://doi.org/10.1073/pnas.1019055108

5. Geekiyanage H, Rayatpisheh S, Wohlschlegel JA, Brown R, Ambros V. 
2020. Extracellular microRNAs in human circulation are associated with 
miRISC complexes that are accessible to anti-AGO2 antibody and can 
bind target mimic oligonucleotides. Proc Natl Acad Sci USA 117:24213–
24223. https://doi.org/10.1073/pnas.2008323117

6. Sork H, Conceicao M, Corso G, Nordin J, Lee YXF, Krjutskov K, Orzechow­
ski Westholm J, Vader P, Pauwels M, Vandenbroucke RE, Wood MJ, El 
Andaloussi S, Mäger I. 2021. Profiling of extracellular small RNAs 
highlights a strong bias towards non-vesicular secretion. Cells 10:1543. h
ttps://doi.org/10.3390/cells10061543

7. Tosar JP, Gámbaro F, Sanguinetti J, Bonilla B, Witwer KW, Cayota A. 2015. 
Assessment of small RNA sorting into different extracellular fractions 
revealed by high-throughput sequencing of breast cell lines. Nucleic 
Acids Res 43:5601–5616. https://doi.org/10.1093/nar/gkv432

8. Tosar JP, Segovia M, Castellano M, Gámbaro F, Akiyama Y, Fagúndez P, 
Olivera Á, Costa B, Possi T, Hill M, Ivanov P, Cayota A. 2020. Fragmenta­
tion of extracellular ribosomes and tRNAs shapes the extracellular 
RNAome. Nucleic Acids Res 48:12874–12888. https://doi.org/10.1093/na
r/gkaa674

9. Turchinovich A, Weiz L, Langheinz A, Burwinkel B. 2011. Characterization 
of extracellular circulating microRNA. Nucleic Acids Res 39:7223–7233. ht
tps://doi.org/10.1093/nar/gkr254

10. Zhang Q, Jeppesen DK, Higginbotham JN, Graves-Deal R, Trinh VQ, 
Ramirez MA, Sohn Y, Neininger AC, Taneja N, McKinley ET, et al. 2021. 
Supermeres are functional extracellular nanoparticles replete with 
disease biomarkers and therapeutic targets. Nat Cell Biol 23:1240–1254. 
https://doi.org/10.1038/s41556-021-00805-8

11. Nolte-’t Hoen ENM, Buermans HPJ, Waasdorp M, Stoorvogel W, Wauben 
MHM, ’t Hoen PAC. 2012. 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. https://doi.org/10.1093/nar/gks658

12. Albanese M, Chen YFA, Hüls C, Gärtner K, Tagawa T, Mejias-Perez E, 
Keppler OT, Göbel C, Zeidler R, Shein M, Schütz AK, Hammerschmidt W. 
2021. MicroRNAs are minor constituents of extracellular vesicles that are 
rarely delivered to target cells. PLoS Genet 17:e1009951. https://doi.org/
10.1371/journal.pgen.1009951

13. Chevillet JR, Kang Q, Ruf IK, Briggs HA, Vojtech LN, Hughes SM, Cheng 
HH, Arroyo JD, Meredith EK, Gallichotte EN, Pogosova-Agadjanyan EL, 
Morrissey C, Stirewalt DL, Hladik F, Yu EY, Higano CS, Tewari M. 2014. 
Quantitative and stoichiometric analysis of the microRNA content of 
exosomes. Proc Natl Acad Sci USA 111:14888–14893. https://doi.org/10.
1073/pnas.1408301111

14. Wei Z, Batagov AO, Schinelli S, Wang J, Wang Y, El Fatimy R, Rabinovsky 
R, Balaj L, Chen CC, Hochberg F, Carter B, Breakefield XO, Krichevsky AM. 
2017. Coding and noncoding landscape of extracellular RNA released by 
human glioma stem cells. Nat Commun 8:1145. https://doi.org/10.1038/
s41467-017-01196-x

15. Shurtleff MJ, Yao J, Qin Y, Nottingham RM, Temoche-Diaz MM, 
Schekman R, Lambowitz AM. 2017. Broad role for YBX1 in defining the 
small noncoding RNA composition of exosomes. Proc Natl Acad Sci USA 
114:E8987–E8995. https://doi.org/10.1073/pnas.1712108114

16. Buck AH, Coakley G, Simbari F, McSorley HJ, Quintana JF, Le Bihan T, 
Kumar S, Abreu-Goodger C, Lear M, Harcus Y, Ceroni A, Babayan SA, 
Blaxter M, Ivens A, Maizels RM. 2014. Exosomes secreted by nematode 
parasites transfer small RNAs to mammalian cells and modulate innate 
immunity. Nat Commun 5:5488. https://doi.org/10.1038/ncomms6488

17. Chow F-N, Koutsovoulos G, Ovando-Vázquez C, Neophytou K, 
Bermúdez-Barrientos JR, Laetsch DR, Robertson E, Kumar S, Claycomb 
JM, Blaxter M, Abreu-Goodger C, Buck AH. 2019. Secretion of an 
argonaute protein by a parasitic nematode and the evolution of its 
siRNA guides. Nucleic Acids Res 47:3594–3606. https://doi.org/10.1093/n
ar/gkz142

Perspective mBio

October 2025  Volume 16  Issue 10 10.1128/mbio.03129-24 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

2 
A

pr
il 

20
26

 b
y 

16
4.

73
.8

0.
12

3.

http://orcid.org/0000-0002-2021-2479
http://orcid.org/0000-0003-2645-7191
https://doi.org/10.1038/sj.leu.2404132
https://doi.org/10.1038/ncb1800
https://doi.org/10.1038/ncb1596
https://doi.org/10.1073/pnas.1019055108
https://doi.org/10.1073/pnas.2008323117
https://doi.org/10.3390/cells10061543
https://doi.org/10.1093/nar/gkv432
https://doi.org/10.1093/nar/gkaa674
https://doi.org/10.1093/nar/gkr254
https://doi.org/10.1038/s41556-021-00805-8
https://doi.org/10.1093/nar/gks658
https://doi.org/10.1371/journal.pgen.1009951
https://doi.org/10.1073/pnas.1408301111
https://doi.org/10.1038/s41467-017-01196-x
https://doi.org/10.1073/pnas.1712108114
https://doi.org/10.1038/ncomms6488
https://doi.org/10.1093/nar/gkz142
https://doi.org/10.1128/mbio.03129-24


18. Quintana JF, Kumar S, Ivens A, Chow FWN, Hoy AM, Fulton A, Dickinson 
P, Martin C, Taylor M, Babayan SA, Buck AH. 2019. Comparative analysis 
of small RNAs released by the filarial nematode Litomosoides sigmodontis 
in vitro and in vivo. PLoS Negl Trop Dis 13:e0007811. https://doi.org/10.1
371/journal.pntd.0007811

19. White R, Kumar S, Chow FW-N, Robertson E, Hayes KS, Grencis RK, 
Duque-Correa MA, Buck AH. 2020. Extracellular vesicles from Heligmoso­
moides bakeri and Trichuris muris contain distinct microRNA families and 
small RNAs that could underpin different functions in the host. Int J 
Parasitol 50:719–729. https://doi.org/10.1016/j.ijpara.2020.06.002

20. Cai Q, Qiao L, Wang M, He B, Lin F-M, Palmquist J, Huang S-D, Jin H. 2018. 
Plants send small RNAs in extracellular vesicles to fungal pathogen to 
silence virulence genes. Science 360:1126–1129. https://doi.org/10.1126
/science.aar4142

21. Borniego ML, Singla-Rastogi M, Baldrich P, Sampangi-Ramaiah MH, Zand 
Karimi H, McGregor M, Meyers BC, Innes RW. 2025. Diverse plant RNAs 
coat Arabidopsis leaves and are distinct from apoplastic RNAs. Proc Natl 
Acad Sci USA 122:e2409090121. https://doi.org/10.1073/pnas.24090901
21

22. Ravet A, Zervudacki J, Singla-Rastogi M, Charvin M, Thiebeauld O, Perez-
Quintero AL, Courgeon L, Candat A, Lebeau L, Emidio Fortunato A, 
Mendu V, Navarro L. 2024. Vesicular and non-vesicular extracellular small 
RNAs direct gene silencing in a plant-interacting bacterium. bioRxiv. htt
ps://doi.org/10.1101/863902

23. Zand Karimi H, Baldrich P, Rutter BD, Borniego L, Zajt KK, Meyers BC, 
Innes RW. 2022. Arabidopsis apoplastic fluid contains sRNA- and circular 
RNA–protein complexes that are located outside extracellular vesicles. 
Plant Cell 34:1863–1881. https://doi.org/10.1093/plcell/koac043

24. Alves LR, Peres da Silva R, Sanchez DA, Zamith-Miranda D, Rodrigues ML, 
Goldenberg S, Puccia R, Nosanchuk JD. 2019. Extracellular vesicle-
mediated RNA release in Histoplasma capsulatum. mSphere 4:e00176-19. 
https://doi.org/10.1128/mSphere.00176-19

25. Bayer-Santos E, Lima FM, Ruiz JC, Almeida IC, da Silveira JF. 2014. 
Characterization of the small RNA content of Trypanosoma cruzi 
extracellular vesicles. Mol Biochem Parasitol 193:71–74. https://doi.org/1
0.1016/j.molbiopara.2014.02.004

26. Fernandez-Calero T, Garcia-Silva R, Pena A, Robello C, Persson H, Rovira 
C, Naya H, Cayota A. 2015. Profiling of small RNA cargo of extracellular 
vesicles shed by Trypanosoma cruzi reveals a specific extracellular 
signature. Mol Biochem Parasitol 199:19–28. https://doi.org/10.1016/j.m
olbiopara.2015.03.003

27. Ghosal A, Upadhyaya BB, Fritz JV, Heintz-Buschart A, Desai MS, Yusuf D, 
Huang D, Baumuratov A, Wang K, Galas D, Wilmes P. 2015. The 
extracellular RNA complement of Escherichia coli. Microbiologyopen 
4:252–266. https://doi.org/10.1002/mbo3.235

28. Koeppen K, Hampton TH, Jarek M, Scharfe M, Gerber SA, Mielcarz DW, 
Demers EG, Dolben EL, Hammond JH, Hogan DA, Stanton BA. 2016. A 
novel mechanism of host-pathogen interaction through sRNA in 
bacterial outer membrane vesicles. PLoS Pathog 12:e1005672. https://do
i.org/10.1371/journal.ppat.1005672

29. Mills J, Gebhard LJ, Schubotz F, Shevchenko A, Speth DR, Liao Y, Duggin 
IG, Marchfelder A, Erdmann S. 2024. Extracellular vesicle formation in 
Euryarchaeota is driven by a small GTPase. Proc Natl Acad Sci USA 
121:e2311321121. https://doi.org/10.1073/pnas.2311321121

30. Zhang H, Freitas D, Kim HS, Fabijanic K, Li Z, Chen H, Mark MT, Molina H, 
Martin AB, Bojmar L, et al. 2018. Identification of distinct nanoparticles 
and subsets of extracellular vesicles by asymmetric flow field-flow 
fractionation. Nat Cell Biol 20:332–343. https://doi.org/10.1038/s41556-0
18-0040-4

31. Neophytou K, Martínez-Ugalde I, Fenton T, Robertson E, Strachan LJ, 
Harcus Y, Naar CM, Wright D, Price DRG, White R, Evans MJ, Bermúdez-
Barrientos JR, Li H, Maizels RM, Aroian RV, Nisbet AJ, Abreu-Goodger C, 
Buck AH. 2025. A non-vesicular argonaute protein is transmitted from 
nematode to mouse and is important for parasite survival. bio­
Rxiv:2025.04.01.646544. https://doi.org/10.1101/2025.04.01.646544

32. Tosar JP, Cayota A, Witwer K. 2022. Exomeres and supermeres: 
monolithic or diverse? J Extracell Biol 1:e45. https://doi.org/10.1002/jex2
.45

33. Tosar JP, Gámbaro F, Darré L, Pantano S, Westhof E, Cayota A. 2018. 
Dimerization confers increased stability to nucleases in 5’ halves from 
glycine and glutamic acid tRNAs. Nucleic Acids Res 46:9081–9093. https:
//doi.org/10.1093/nar/gky495

34. Costa B, Li Calzi M, Castellano M, Blanco V, Cuevasanta E, Litvan I, Ivanov 
P, Witwer K, Cayota A, Tosar JP. 2023. Nicked tRNAs are stable reservoirs 
of tRNA halves in cells and biofluids. Proc Natl Acad Sci USA 
120:e2216330120. https://doi.org/10.1073/pnas.2216330120

35. Castellano M, Blanco V, Li Calzi M, Costa B, Witwer K, Hill M, Cayota A, 
Segovia M, Tosar JP. 2025. Ribonuclease activity undermines immune 
sensing of naked extracellular RNA. Cell Genom 5:100874. https://doi.org
/10.1016/j.xgen.2025.100874

36. Tosar JP, Castellano M, Costa B, Cayota A. 2024. Small RNA structural 
biochemistry in a post-sequencing era. Nat Protoc 19:595–602. https://d
oi.org/10.1038/s41596-023-00936-2

37. Reggiardo RE, Maroli SV, Halasz H, Ozen M, Hrabeta-Robinson E, Behera 
A, Peddu V, Carrillo D, LaMontagne E, Whitehead L, Kim E, Malik S, 
Fernandes J, Marinov G, Collisson E, Brooks A, Demirci U, Kim DH. 2022. 
Mutant KRAS regulates transposable element RNA and innate immunity 
via KRAB zinc-finger genes. Cell Rep 40:111104. https://doi.org/10.1016/j
.celrep.2022.111104

38. Reggiardo RE, Maroli SV, Peddu V, Davidson AE, Hill A, LaMontagne E, 
Aaraj YA, Jain M, Chan SY, Kim DH. 2023. Profiling of repetitive RNA 
sequences in the blood plasma of patients with cancer. Nat Biomed Eng 
7:1627–1635. https://doi.org/10.1038/s41551-023-01081-7

39. O’Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO. 2020. RNA 
delivery by extracellular vesicles in mammalian cells and its applications. 
Nat Rev Mol Cell Biol 21:585–606. https://doi.org/10.1038/s41580-020-0
251-y

40. Somiya M, Kuroda S. 2021. Reporter gene assay for membrane fusion of 
extracellular vesicles. J Extracell Vesicles 10:e12171. https://doi.org/10.10
02/jev2.12171

41. Somiya M, Kuroda S. 2021. Real-time luminescence assay for cytoplasmic 
cargo delivery of extracellular vesicles. Anal Chem 93:5612–5620. https:/
/doi.org/10.1021/acs.analchem.1c00339

42. de Jong OG, Murphy DE, Mäger I, Willms E, Garcia-Guerra A, Gitz-
Francois JJ, Lefferts J, Gupta D, Steenbeek SC, van Rheenen J, El 
Andaloussi S, Schiffelers RM, Wood MJA, Vader P. 2020. A CRISPR-Cas9-
based reporter system for single-cell detection of extracellular vesicle-
mediated functional transfer of RNA. Nat Commun 11:1113. https://doi.o
rg/10.1038/s41467-020-14977-8

43. Buck AH. 2022. Cells choose their words wisely. Cell 185:1114–1116. http
s://doi.org/10.1016/j.cell.2022.03.010

44. Xiao Y, Driedonks T, Witwer KW, Wang Q, Yin H. 2020. How does an RNA 
selfie work? EV-associated RNA in innate immunity as self or danger. J 
Extracell Vesicles 9:1793515. https://doi.org/10.1080/20013078.2020.179
3515

45. Pawar K, Kawamura T, Kirino Y. 2024. The tRNAVal half: a strong 
endogenous Toll-like receptor 7 ligand with a 5′-terminal universal 
sequence signature. Proc Natl Acad Sci USA 121:e2319569121. https://d
oi.org/10.1073/pnas.2319569121

46. Pawar K, Shigematsu M, Sharbati S, Kirino Y. 2020. Infection-induced 5′-
half molecules of tRNAHisGUG activate Toll-like receptor 7. PLoS Biol 
18:e3000982. https://doi.org/10.1371/journal.pbio.3000982

47. Driedonks TAP, Ressel S, Tran Ngoc Minh T, Buck AH, Nolte-’t Hoen ENM. 
2024. Intracellular localisation and extracellular release of Y RNA and Y 
RNA binding proteins. J Extracell Biol 3:e123. https://doi.org/10.1002/jex
2.123

48. Hulstaert E, Morlion A, Avila Cobos F, Verniers K, Nuytens J, Vanden 
Eynde E, Yigit N, Anckaert J, Geerts A, Hindryckx P, et al. 2020. Charting 
extracellular transcriptomes in the human biofluid RNA Atlas. Cell Rep 
33:108552. https://doi.org/10.1016/j.celrep.2020.108552

49. Godoy PM, Bhakta NR, Barczak AJ, Cakmak H, Fisher S, MacKenzie TC, 
Patel T, Price RW, Smith JF, Woodruff PG, Erle DJ. 2018. Large differences 
in small RNA composition between human biofluids. Cell Rep 25:1346–
1358. https://doi.org/10.1016/j.celrep.2018.10.014

50. Dhahbi JM, Spindler SR, Atamna H, Boffelli D, Mote P, Martin DIK. 2013. 
5′-YRNA fragments derived by processing of transcripts from specific 
YRNA genes and pseudogenes are abundant in human serum and 
plasma. Physiol Genomics 45:990–998. https://doi.org/10.1152/physiolg
enomics.00129.2013

51. Lerner MR, Boyle JA, Hardin JA, Steitz JA. 1981. Two novel classes of small 
ribonucleoproteins detected by antibodies associated with lupus 
erythematosus. Science 211:400–402. https://doi.org/10.1126/science.61
64096

Perspective mBio

October 2025  Volume 16  Issue 10 10.1128/mbio.03129-24 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

2 
A

pr
il 

20
26

 b
y 

16
4.

73
.8

0.
12

3.

https://doi.org/10.1371/journal.pntd.0007811
https://doi.org/10.1016/j.ijpara.2020.06.002
https://doi.org/10.1126/science.aar4142
https://doi.org/10.1073/pnas.2409090121
https://doi.org/10.1101/863902
https://doi.org/10.1093/plcell/koac043
https://doi.org/10.1128/mSphere.00176-19
https://doi.org/10.1016/j.molbiopara.2014.02.004
https://doi.org/10.1016/j.molbiopara.2015.03.003
https://doi.org/10.1002/mbo3.235
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1073/pnas.2311321121
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1101/2025.04.01.646544
https://doi.org/10.1002/jex2.45
https://doi.org/10.1093/nar/gky495
https://doi.org/10.1073/pnas.2216330120
https://doi.org/10.1016/j.xgen.2025.100874
https://doi.org/10.1038/s41596-023-00936-2
https://doi.org/10.1016/j.celrep.2022.111104
https://doi.org/10.1038/s41551-023-01081-7
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1002/jev2.12171
https://doi.org/10.1021/acs.analchem.1c00339
https://doi.org/10.1038/s41467-020-14977-8
https://doi.org/10.1016/j.cell.2022.03.010
https://doi.org/10.1080/20013078.2020.1793515
https://doi.org/10.1073/pnas.2319569121
https://doi.org/10.1371/journal.pbio.3000982
https://doi.org/10.1002/jex2.123
https://doi.org/10.1016/j.celrep.2020.108552
https://doi.org/10.1016/j.celrep.2018.10.014
https://doi.org/10.1152/physiolgenomics.00129.2013
https://doi.org/10.1126/science.6164096
https://doi.org/10.1128/mbio.03129-24

	mGem: Guides or triggers? Extracellular RNAs beyond vesicular miRNAs

